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1.1. Importance of phosphorus 
It is known that greenhouse gases (i.e., CO2) are changing the climate, drinking water is 
becoming increasingly scared, and the world population will reach 10 billion by the middle 
of the 21st century.  
However, the importance of phosphorus is probably not well-recognized [1].  
Phosphorus is an essential nutrient-element for all forms of life, accounts for 2-4 weight 
percent of most dried cells, and plays a vital role in fundamental biochemical reactions (i.e., 
gene expression) [2]. As humans, our daily requirement of phosphorus can be gained from 
our diet. It was reported that a single adult consumes an equivalent of 35.2 kg of phosphate 
rock per year [3]. 
Along with the substantial increase in the world population, the demand for food has 
increased and thus also for phosphorus fertilizer. The global mining of phosphate rock has 
seen about a fivefold increase over the past half-century, from 14.6 Tg P in 1961 to 68.7 Tg 
P in 2013, and this will continue to increase, along with the population growth [4]. 
Phosphorus fertilizer is widely used, yet it has no substitutes [5]. Without the use of 
phosphorus fertilizer, humanity could only produce half of the food that it does today. 
Therefore, the use of phosphorus fertilizer is essential in guaranteeing food production for 
the increasing global population [1]. 
Additionally, phosphorus is also used in pharmaceuticals, catalysts, flame retardants, 
building materials, food preservatives, and many other industries [6]. The non-fertilizer final 
use of phosphorus has increased from 5.6 Tg in 1991 to 26.5 Tg in 2013, which is almost a 
fivefold increase [4]. 
To conclude, phosphorus is of great importance for society and life itself. 
1.2. The problem: potential phosphorus shortage and eutrophication 
Along with the widespread use of phosphorus fertilizer and many other phosphorus products, 
two global problems arise: the potential phosphorus shortage crisis and the eutrophication of 
surface waters [1, 7]. Although the potential phosphorus shortage might not be as well-known 
as other issues (i.e., climate change, population increase), it is equally important [1]. After 
all, humans can live without electronics, vehicles, but without phosphorus, humanity would 
starve. 
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The world population, meanwhile, had seen a significant increase from 1.6 billion in the year 
1900 to 7.7 billion in the year 2019 and could reach 10 billion by 2056 [8]. The ability to 
feed the 10 billion people is a real challenge [9].  
Most certainly, the use of phosphorus fertilizer in modern agriculture will continue. In 
general, phosphorus fertilizer can be produced from mined phosphate rock. Unfortunately, 
the phosphate rock, as a finite resource, will be subjected to exhaustion [1]. While the 
exhaustion date of phosphate rock reserves is disputable, there is no doubt that phosphate 
rock will become a scarce resource, sooner or later, if no actions are taken [4, 10].  
 
Figure 1.1. World phosphate rock reserves. 
Also concerning, as shown in Figure 1.1, phosphate rock resources are only located in a few 
countries, with Morocco and Western Sahara holding 59% of the global reserves, followed 
by the United States, and China [3]. In many countries, including the EU, there is almost no 
mineable phosphate rock [11]. As a result, those countries rely on importing phosphorus. 
This could be a big concern when countries set restrictions on their export of phosphorus due 
to geopolitical tensions or for other reasons [1]. In the past, we have seen a remarkable 
increase in the phosphate rock price by 800% in the middle of 2008. This led to an increase 
in food price and even to violent riots in some countries [1]. Given the potential phosphorus 
crisis, both China and the U.S. have reduced the scale of phosphate rock mining, increased 
tariffs on phosphorus exporting, and tend to import more phosphate from outside their 
countries than export, for the sake of their long-term food security. 
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Ironically, phosphorus, when in excess in water bodies, will harm the environment via 
eutrophication [4]. An example of eutrophication is shown in Figure 1.2. Eutrophication is 
a result of an excessive load of limiting nutrients into water bodies leading to harmful algal 
blooms, which in the end, deplete oxygen in water bodies and release toxic compounds (i.e., 
microcystin) [12]. Phosphorus is recognized by scientists in many cases as the primary 
limiting nutrient responsible for the eutrophication of water bodies [4, 13]. The 
eutrophication of surface waters not only reduces the value of aquatic systems for recreation 
but also challenges the production of safe and clean drinking water [10]. The estimated 
economic damages caused by eutrophication in the U.S. alone is approximately $2.2 billion 
annually [14]. 
 
Figure 1.2. An example of eutrophication. 
Although eutrophication can be a naturally occurring process, nowadays, eutrophication is 
mainly associated with human activities [15]. The discharge of not well-treated domestic and 
industrial wastewaters gives rise to an overload of phosphorus in surface waters. Moreover, 
the unsustainable management of feces of livestock (i.e., manure) brings phosphorus to 
natural aquatic systems via leaching, runoff or direct discarding [16]. Furthermore, over-
fertilization with artificial fertilizer also results in the leaching and runoff of phosphorus from 
agricultural fields into rivers and eventually the sea. As a consequence, phosphorus 
accumulates in some aquatic systems, leading to the algal blooms and in some situations, the 
breakdown of the local eco-system [17]. 
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1.3. The solution: a circular phosphorus economy  
Considering the merits and harms of phosphorus, the most obvious solution to address 
phosphorus-related social and environmental issues is to work on a circular phosphorus 
economy [7, 10]. 
Our ancestors have shown their wisdom in how the phosphorus cycle can be best managed. 
In ancient times, crops were consumed by humans and animals while their excreta were 
applied as a natural fertilizer to grow crops again. In this simple way, the cycle for phosphorus 
resource was short and nearly closed. This is still common practice in some rural areas in 
China. Today, due to the fast expansion of the global population and civilization, it is no 
longer that easy to close the phosphorus cycle, as our ancestors did in the past. The 
phosphorus cycle has been broken as a result of changes in civilization [7]. Nowadays, crops 
are cultivated in the countrysides and transported to cities. The waste associated with food 
consumption in cities is not returned to the farmlands but to the sewage system, which  ends 
up either in sewage sludge or rivers, lakes, and the sea [1]. Often sewage sludge is incinerated 
and then landfilled. 
Consequently, the cycle of phosphorus has become to some extent a linear process, that is, 
one-way flow of phosphorus from phosphate rock to landfills and to receiving water bodies, 
which eventually ends up in the sea [7].  
Nonetheless, it is possible to reinvent a modern phosphorus cycle through multiple 
approaches [18]. Even if it may not be possible to achieve a 100% closed phosphorus loop, 
the use of phosphate rock, which is a nonrenewable resource, should be as sustainable as 
possible. 
Obviously, the first approach would be to increase the usage efficiency of phosphorus 
fertilizer. This can significantly reduce the demand for phosphate rock mining. Today, about 
80% of mined phosphate rock is used as fertilizer. However, less than 21% of the dosed 
phosphorus fertilizer is taken up by plants, and only 16% of used phosphorus fertilizer makes 
it into food, most of it is lost to soils and water bodies via runoff from agricultural fields [1, 
7, 10]. 
Independent of the usage efficiency of phosphorus fertilizer, there will be phosphorus 
discharged to sewage systems. A rough estimation of Yuan et al. suggested that the 
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phosphorus in sewage systems could account for as much as 20% of the global agricultural 
demand of phosphorus fertilizer [19]. If the phosphorus in such waste streams can be 
recovered and reused, this would not only avoid/reduce the risk of eutrophication of water 
bodies but also provide a secondary phosphorus source [10, 20]. This would contribute 
significantly to close the phosphorus cycle. 
In the realm of phosphorus removal and recovery, there are many technologies available. In 
the next paragraph, a brief introduction of phosphorus removal and recovery technologies 
will be presented. 
1.4. Phosphorus removal and recovery technologies 
Phosphorus removal has been in practice in wastewater treatment plants (WWTP) since 
decades in both developed and developing countries, mainly driven by legislative 
requirements. Indeed, to prevent eutrophication, the phosphorus in wastewaters needs to be 
removed before discharge into receiving surface waters. In this context, enhanced biological 
phosphorus removal (EBPR), adsorption, and chemical phosphate removal (CPR) via 
precipitation have emerged as efficient strategies for phosphorus removal [21, 22]. 
The modern WWTPs are based on biological processes. Biological processes, due to their 
broad applicability and low cost, are widely used. However, a single biological process 
usually cannot achieve efficient phosphorus removal. Therefore, in practice, the biological 
process is combined with other processes, i.e., chemical precipitation. CPR is a process where 
chemicals (i.e., iron or aluminum salts) are dosed into wastewaters, forming coagulants or 
binding directly with phosphate, which results in the removal of phosphate with the 
wastewater sludge [23, 24]. Especially iron salts (FeCl2 and FeCl3) are widely used for the 
CPR. Dosing iron is efficient for removing phosphate, yet for recovery, an extra process is 
needed to extract phosphorus from the sludge [25]. Adsorption is mostly used as a post-
treatment strategy to further reduce phosphorus concentration in the effluent when strict 
discharge limits are implemented [26]. A general comparison of different phosphorus 
removal and recovery methods is presented in Table 1.1. 
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Table 1.1. Merits, drawbacks and target applications of different phosphorus removal and 
recovery methods 
methods advantages disadvantages application 
EBPR low cost; robust 
operation 
relative low stability; 
sludge 
concentrated 
wastewater; full 
scale 
adsorption high efficiency; 
suitable for low 
phosphorus-
containing streams 
low selectively; 
regeneration of 
adsorbents 
post-treatment; 
medium to small 
scale 
CPR easy operation; 
highly efficiency 
and stable 
dosing chemicals; 
pH adjustment; 
sludge 
full scale 
electrochemical 
approach 
no chemical 
dosing; less 
sludge; 
high energy cost on-site treatment; 
medium to small 
scale 
While there are many methods addressing the removal of phosphorus, efficient and 
economically feasible methods for phosphorus recovery are limited. In the last decades, due 
to increased awareness of phosphorus depletion, pioneers had developed some approaches 
toward simultaneous removal and recovery of phosphate. In this realm, the struvite 
(MgNH4PO4·6H2O) process stood out as one of the most promising ways [27]. One of the 
merits of struvite process is that phosphate (PO4-P) and ammonium (NH4-N) are removed 
simultaneously. Additionally, struvite has a higher bioavailability than iron and aluminum 
phosphate, and hence, it can be applied as a slow-release fertilizer [23].  
However, the applicability of the struvite process depends on the water composition. The 
solution needs a pH between 8.0 and 9.0 and an ideal Mg/NH4/PO4 molar ratio close to 1:1:1. 
Because the Mg concentration is low relative to PO43− and NH4+ in most nutrient-rich waste 
streams, the dosing of a Mg source is required [28]. Therefore, although the struvite process 
has been tested in practice, this process is not widely adopted [28].  
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1.5. Calcium phosphate precipitation 
An alternative process for phosphorus removal and recovery is by calcium phosphate 
precipitation [29, 30]. In this process, the addition of a Ca source is most likely not necessary, 
as Ca2+ is an abundant ion in most waste streams [31, 32]. It is worth mentioning that even 
when an external Ca source is required, the cost of dosing Ca is cheaper than dosing Mg [33, 
34]. Moreover, as calcium phosphate is the key component of mined phosphate rock, it can 
be used directly as a raw material for the production of phosphorus fertilizer in the existing 
facilities [22, 31]. Last but not least, the recovered product could also be stocked as a valuable 
phosphorus source for future use [30]. 
1.6. Drawbacks of conventional chemical calcium phosphate precipitation 
The precipitation of calcium phosphate species is a complex process [22, 35]. In general, it 
is determined by the solution pH, the concentrations of calcium and phosphate ions, 
coexisting components, and the temperature [36]. To trigger calcium phosphate precipitation, 
the solution needs to be highly saturated. The most common way to create a supersaturated 
condition is by increasing pH via the addition of caustic soda (NaOH). However, as most 
wastewaters have a considerable buffering capacity due to the presence of organic acids and 
(bi)carbonate, significant dosing of NaOH is needed, in order to increase the pH to a certain 
level that would induce calcium phosphate precipitation in the waste streams. For example, 
Jaffer et al., reported that the cost relates to NaOH addition accounted for up to 97% of the 
total chemical costs associated with phosphate recovery by struvite formation method [37]. 
Moreover, in conventional CPR, a large quantity of sludge is generated, which requires 
further treatment before recycling. Furthermore, the high pH, which is needed to induce 
calcium phosphate precipitation, needs to be reduced again by dosing acid [38]. 
1.7. Electrochemically induced calcium phosphate precipitation 
Electrochemically induced calcium phosphate precipitation opens a door for avoiding such 
problems. Figure 1.3 illustrates the principle of electrochemically induced calcium 
phosphate precipitation. In the electrochemical system, a local high pH close to the cathode 
can be created by water electrolysis [39-41], as shown in eq 1.1: 
Cathode: 4H2O + 4e− → 4OH− + 2H2↑                                       (1.1) 
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Figure 1.3. Principle of electrochemically induced calcium phosphate precipitation. 
The formation of OH− ions will create a pH gradient between the cathode and the bulk 
solution. In general, a pH gradient is unwanted in most electrochemical systems. For instance, 
the pH gradient will result in a higher overpotential of the hydrogen evolution reaction and 
therefore increase the energy input [42]. Nonetheless, in terms of calcium phosphate 
precipitation, the high local pH can be beneficial. As is well-known, the pH plays a crucial 
role in the precipitation of calcium phosphate [23, 36]. Moreover, the solubility of calcium 
phosphate minerals is pH-dependent, and a high pH usually means high thermodynamic 
driving force for calcium phosphate precipitation. 
In the electrochemical system, although the local pH is increased, the pH of the bulk solution 
only changes slightly. This is because an equal number of protons are produced at the anode 
(see eq 1.2). 
Anode: 2H2O → 4H+ + O2↑ + 4e−                                       (1.2) 
Moreover, the presence of buffers such as (bi)carbonate in wastewaters may contribute to a 
stable bulk solution pH. Hence, a post reduction of the pH of treated wastewater is not 
necessary. More importantly, since the precipitation reactions only take place in the vicinity 
of the cathode, the formed precipitates can easily be harvested from the cathode. This means 
that a solid-liquid separation process that is needed in conventional chemical precipitation, 
can be avoided. Therefore, in principle, the electrochemical system can achieve 
simultaneously phosphorus removal and separation from wastewaters without dosing 
chemicals.  
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Electrochemical treatment, in general, is a robust approach and is highly amenable to 
automation. This makes it especially attractive for onsite-treatment and for rural areas where 
centralized wastewater treatment facilities are not available [43]. Electrochemical treatment 
is seen as next-generation wastewater treatment technology and has received increasing 
interest over the last decade [44]. Additionally, electrochemical approaches also demonstrate 
excellent potential in resource recovery from waste streams [45]. 
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1.8. Scope and thesis outline 
This thesis aims to contribute in solving issues about phosphorus being scare as a resource 
(fertilizer) yet abundant as a pollutant (eutrophication) by investigating the potential of 
electrochemical approaches toward phosphorus removal and recovery. 
Specifically, the goal of this PhD project is to establish a membrane-free electrochemical 
system for energy-efficient phosphorus removal and recovery in the form of calcium 
phosphate. We first used synthetic solutions to study the possibility, the efficiency, the 
mechanism, and the energy consumption of this system. Next, we evaluated the feasibility of 
this system using real wastewater. We further discussed the associated challenges and 
potential solutions toward upscaling of the technology.  
In the second chapter, we explore the possibility and the mechanism of electrochemically 
induced calcium phosphate at various pH. 
In the third chapter, we investigate the interaction mechanism of natural organic matter 
(often present in wastewater) with calcium ions and phosphate, discuss its implication on 
electrochemical phosphorus removal and recovery. 
In the fourth chapter, we examine the effects of pre-acidification of wastewater on the purity 
of recovered product and its implications on the specific removal pathways of phosphorus, 
calcium, magnesium and inorganic carbon. 
In chapter 5, we investigate the electrochemical precipitation sequence of CaCO3, Mg(OH)2, 
and calcium phosphate in domestic wastewater and its implications on selectively calcium 
phosphate precipitation. 
In chapter 6, we show that a bioelectrochemical system can serve as an energy-efficient 
approach for phosphorus removal from domestic wastewater. 
In chapter 7, we present the use of a graphite-felt cathode and the operation of the 
electrochemical system at low current densities can reduce the energy consumption in 
electrochemical removal of phosphate. 
In chapter 8, we show how phosphorus present in a specific organic phosphorus compound 
can be removed and recovered as calcium phosphate using the electrochemical approach.  
Chapter 1
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In chapter 9, we propose a new concept, namely a CaCO3 packed electrochemical 
precipitation column, for efficient removal of phosphate. We discuss the possibility, the 
efficiency, and the mechanism of this newly system. 
In chapter 10, we present a general discussion about the overall findings within this thesis, 
the limitations of present research and future directions in electrochemical phosphorus 
removal and recovery.
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Abstract 
Phosphorus (P) is an essential nutrient for living organisms and cannot be replaced or 
substituted. In this paper, we present a simple yet efficient membrane-free electrochemical 
system for P removal and recovery as calcium phosphate (CaP). This method relies on in situ 
formation of hydroxide ions by electro mediated water reduction at a titanium cathode surface. 
The in situ raised pH at the cathode provides a local environment where CaP will become 
highly supersaturated. Therefore, homogeneous and heterogeneous nucleation of CaP occur 
near and at the cathode surface. Because of the local high pH, the P removal behavior was 
not sensitive to bulk solution pH and therefore, efficient P removal was observed in three 
studied bulk solutions with pH of 4.0 (56.1%), 8.2 (57.4%), and 10.0 (48.4%) after 24 h of 
reaction time. While P removal efficiencies were not generally affected by the bulk solution 
pH, the chemical-physical properties of CaP solids collected on the cathode were still related 
to the bulk solution pH, as confirmed by structure characterizations. High initial solution pH 
promoted the formation of more crystalline products with relatively high atomic Ca/P ratio. 
The atomic Ca/P ratio increased from 1.30 (pH 4.0) to 1.38 (pH 8.2) and further to 1.55 (pH 
10.0). The formation of CaP precipitates was a typical crystallization process, with an 
amorphous phase formed at the initial stage which then transformed to the most stable crystal 
phase, hydroxyapatite, which was inferred from the increased Ca/P atomic ratio from 1.38 
(day 1) to the theoretical 1.76 (day 11) and by the formation of needle-like crystals. Finally, 
we demonstrated the efficiency of this system for real wastewater. This, together with the 
fact that the electrochemical method can work at low bulk pH, without dosing chemicals and 
a need for a separation process, highlights the potential application of the electrochemical 
method for P removal and recovery. 
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2.1 Introduction 
Phosphorus (P) is an irreplaceable nutrient, but it is also associated with eutrophication [10, 
22, 46, 47]. On the one hand, a large amount of P is discharged to surface waters resulting in 
eutrophication [47]. On the other hand, the quantity and the quality of P ore has declined in 
the past decades because of P rock mining for producing fertilizer [22]. The calculation of 
Evelyn Desmid that applied the data of U.S geological survey 2012 suggested that natural P 
reserves will be fully depleted in 372 years if current mining rates are maintained [22]. In 
addition, considering the uneven distribution of P rock reserves, there may arise a P shortage 
for countries that completely depend on importing P rock in the near future [10, 48]. The 
potential P shortage, along with P discharge associated eutrophication has created increased 
awareness of the importance of P recycling [10, 22, 49]. For instance, the Swedish 
government has set a national goal to recover at least 40% of P in wastewater treatment plants 
[50].  
There are many P removal methods available [20, 22, 23, 51], but efficient and economically 
feasible methods for P recovery are limited. Among the few methods, struvite 
(MgNH4PO4·6H2O) formation and precipitation is regarded as one of the most promising 
ways [49, 52-54]. Struvite, which is a slow-release fertilizer, shows higher bioavailability 
than iron and aluminum phosphate [23]. However, it is necessary to supply a Mg source to 
assist struvite formation [28, 54, 55], which makes this process less economically attractive 
because of the low concentration of Mg2+ in wastewaters [28]. Alternatively, calcium 
phosphate (CaP), which is the mined component in P rock, would be a better solution [31, 
56]. CaP solids can form without adding Ca2+ since there is often already sufficient Ca2+ in 
water bodies [57]. Therefore, P recovery via CaP formation and precipitation is a preferred 
method and has received a lot of attention [33, 56].  
CaP precipitation is a very complex process. In general, the process is controlled by the 
chemical species in solutions, including Ca and P concentrations and pH [36, 58, 59]. To 
induce CaP precipitation, the solution needs to be highly supersaturated. The typical way to 
create a supersaturated condition is by adding caustic soda to increase solution pH. However, 
because wastewater normally has a considerable buffering capacity because of the presence 
of organic acids and (bi)carbonate, significant base addition is needed in order to increase the 
bulk solution pH to a certain level that would induce CaP precipitation. For instance, as 
Electrochemical induced calcium phosphate precipitation: importance of local pH
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reported by Jaffer et al. [37], the sodium hydroxide addition is accounted for up to 97% of 
the total chemical costs associated with P recovery by struvite formation method. 
Furthermore, traditional chemical precipitation based methods produce a large quantity of 
sludge, which still needs to be treated before recycling [60].  
Recently, (bio)electrochemical processes were suggested as next-generation technologies for 
treating (in)organic polluted water [44] and recognized as an efficient strategy for nutrient 
removal and recovery from nutrient-rich wastewater [61]. Though (bio)electrochemical 
reactions are quite complicated processes, they can be simply divided as anode oxidation and 
cathode reduction. Most environment related electrochemical applications depend on the 
processes at the anode. The well-established electro-Fenton method for degrading organic 
pollutants is a good example [62]. By contrast, the role of cathode mediated reduction has 
just begun to be explored for remediation and recovery by environmental scientists [63]. The 
(bio)electrochemical induced P removal and recovery as struvite has been well-documented 
[64-66]. However, the electrochemical assisted struvite formation, like chemical 
precipitation, still relies on dosing of costly Mg2+. Moreover, the importance of local pH at 
the cathode with respect to electrochemical P recovery has not been recognized yet. Most 
studies mention that the increased pH is responsible for the precipitation of phosphate salts, 
but none, to our knowledge, has investigated the role of the local pH in detail. This is because 
it is difficult to measure the local pH directly, as there still are no reliable pH sensors for 
detecting the electrochemically induced local pH at the electrode surface, though there are 
some specially designed lab tools [67, 68]. Moreover, the importance of the local pH was 
seemingly ignored. Some researchers equated bulk solution pH to local pH and therefore just 
recorded bulk solution pH and used it as the pH for phosphate salts precipitation [64, 69]. 
Consequently, the reported results with respect to local pH varied from experiment to 
experiment. As an example, Wang et al.[64] reported the slight increase of pH near the 
cathode from 7.0 to 7.5 as the cause for pure struvite formation in their electrochemical 
system. However, the local pH can be much higher than can be measured [68].  
To the best of our knowledge, the electrochemically induced CaP precipitation on the cathode 
has not been reported, in terms of P removal and recovery and at various bulk pH. Although 
CaP coverage of the cathode might seem unwanted, we see this as an opportunity to separate 
P from waste streams with low P concentrations. Therefore, the purpose of this study is to 
Chapter 2
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evaluate the efficiency of a single electrochemical cell without membranes toward P removal 
and recovery by forming CaP precipitates. The importance of the local high pH in the 
electrochemical cell was demonstrated by evaluating the performance of this system at low, 
higher and high bulk solution pH combined with theoretical calculations. Finally, the 
efficiency and the cost for treatment of real wastewater were addressed. 
2.2 Materials and methods  
2.2.1 Materials 
All chemicals used here were at least reagent-grade. Disodium monohydrogen phosphate 
(Na2HPO4) and sodium sulfate anhydrous (Na2SO4) were purchased from VWR (Leuven, 
Belgium). Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) was received from Merck 
(Germany). Electrodes were provided by MAGNETO Special Anodes BV (Schiedam, The 
Netherlands). 
2.2.2 Electrolysis setup 
The electrochemical cell consisted of two compartments, one working cell (500 mL) for CaP 
precipitation and one tank cell (500 mL) for mixing and sampling. The total solution in the 
two compartments (1000 mL) is circulated with a pump at a flow rate of 100 mL/min. The 
anode material is platinum-coated (20 g/m2) titanium mesh with a round shape (Ø 10 cm, 
thickness 0.1 cm) and it is perpendicularly welded to a 10 cm long Ti rod (Ø 0.3 cm). The 
cathode is a pure titanium plate similarly welded (grade A, Ø 8.2 cm, thickness 0.1 cm). A 
pH sensor was placed in the sampling tank to record bulk solution pH change. In some cases, 
the pH electrode (Ø 1.2 cm, Endress Hauser, Germany) was also placed near the cathode 
(about 1.0 mm), in order to record the local pH. The pH sensors were calibrated weekly. The 
diagram of the setup is shown in Figure S2.1 (Supporting information).  
2.2.3 Electrolysis experiments 
We conducted the electrochemical precipitation experiments with synthetic solutions 
containing 0.6 mM P and 1.0 mM Ca under constant current (20 mA) conditions and at 
constant ionic strength mediated by 50 mM Na2SO4. The choice for a sulfate salt was made 
because it does not interfere with the precipitation of CaP and does not produce harmful 
chlorine gas. While the initial Ca concentration is close to its natural concentration, the initial 
P concentration was higher compared to real wastewater in order to collect sufficient solid 
Electrochemical induced calcium phosphate precipitation: importance of local pH
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samples for further characterization. Where appropriate, the bulk solution pH was adjusted 
by concentrated NaOH or HNO3. Unless specified, the electrolysis process was open to the 
air and lasted for 24 h at room temperature. The bulk solution pH was monitored during the 
whole process and logged by a computer program (Liquisys M CPM 253, Endress + Hauser, 
Naarden, The Netherlands).  
2.2.4 Calcium phosphate collection  
After the reaction was stopped at a predetermined time, the solutions in the electro cell were 
carefully removed with a syringe as to not disturb CaP precipitates at the cathode surface, for 
the sake of solid characterization. Then the electrode with precipitates on its surface was air-
dried at room temperature. After drying, CaP solids were harvested by light scraping. After 
sampling, the cathode was immersed in a 1.0 M HNO3 solution to remove any CaP remains, 
then thoroughly rinsed with Milli-Q water, and dried again for use. 
2.2.5 Analytical methods 
We analyzed the concentrations of P and Ca ions by ICP-AES. We identified the crystal 
structure (or absence thereof if amorphous) of collected precipitates by X-ray diffraction 
(XRD). The XRD characterization is performed on a Bruker D8 advanced diffractometer 
equipped with a Vantec position sensitive detector and with a Co Kα radiation (λ = 0.179 nm) 
over a range of 10−70° in 0.02 step sizes with an integration time of 0.5 s. We obtained 
Raman spectra of the collected solids using a LabRAM HR Raman spectrometer from Horiba 
Jobin Yvon. This system is equipped with a mpc3000 laser emitting at 532.2 nm and an 800 
mm focal length achromatic flat field monochromator (grating of 600 grooves·mm-1). The 
laser beam was focused on the sample with an Olympus Bx41 microscope equipped with a 
50× objective lens, which gives a spot size ca.1−2 µm and resolution of 6 cm−1. The detector 
is a Synapse multichannel air-cooled (−70 °C) CCD. The applied laser power was between 5 
and 50 mW (using density filters). The measurement time varied 5 to 30 s. Finally, the data 
were processed with LabSpec software. We examined he morphology of collected products 
and their elemental compositions by a Scanning Electron Microscope (SEM) coupled with 
Energy dispersive x-ray spectroscopy (EDS) (JEOL-6480LV, JEOL Ltd., Japan). Samples 
were coated with gold using a JEOL JFC-1200 Fine coater at 10 Pa for 30 s.  
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2.2.6 Calculations 
The degree of saturation (Ω) and saturation index (SI) of a solution regarding a mineral phase, 
are defined as follows [70]: 
Ω = IAP
K𝑠𝑠𝑠𝑠
                                                                (2.1) 
SI = log (IAP
K𝑠𝑠𝑠𝑠
)                                                       (2.2) 
Where IAP refers to the ion activity of the associated lattice ions and Ksp is the 
thermodynamic solubility product. The computer program visual MINTEQ [71] was applied 
to calculate SI, as an indication for the potential saturation of possible products. Ca and P 
fractions were acquired by using Hydra−Medusa database [72]. 
Based on Faraday’s law of electrolysis assuming that the electricity consumed was 100% 
used for water reduction and meanwhile supposing the produced OH− was not consumed by 
other occurring reactions and was homogeneously mixed in the local layer, the theoretical 
maximum local pH, with respect to the thickness of local layer (δ, m) and electrolysis time 
(t, s) can be calculated by eqs 2.3, 2.4 and 2.5: 
𝑀𝑀(𝑂𝑂𝑂𝑂 −) = 𝐼𝐼t
z𝐹𝐹
                                                                  (2.3) 
[𝑂𝑂𝑂𝑂 −] = 𝐼𝐼t
250𝑧𝑧𝐹𝐹𝑧𝑧 𝑑𝑑 2 δ
                                                           (2.4) 
𝑝𝑝𝑂𝑂 = 14 + log ( 𝐼𝐼𝐼𝐼
250𝑧𝑧𝐹𝐹𝑧𝑧 𝑑𝑑 2 δ
)                                               (2.5) 
I, electricity current (A); z, number of electrons transferred per mole hydroxide ions, z = 1; 
F, Faraday constant 96,485 (C/mol); d, diameter of cathode (d = 0.082 m). It should be noted 
here that the real local pH will be below the theoretically calculated value because the current 
efficiency is unlikely to reach 100% and the electrochemically produced H+ at anode will 
react with OH− to a certain extent.  
2.3 Results and discussion 
2.3.1 Effects of initial bulk pH (pH0) 
As a proof of principle, electrochemical removal of P was evaluated at three pH values 
including background solution pH (pH0 ~ 8.2) after mixing of all chemicals, weakly acidic 
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(pH0 4.0) and alkaline (pH0 10.0) conditions. As can be seen from Figure 2.1A, under open 
circuit conditions, only 20% of P was removed in the case of pH0 10.0 and there was no 
obvious P removal at pH0 4.0 and 8.2. For pH0 4.0, the solution was undersaturated with 
respect to hydroxyapatite (HAP) (SIHAP = −15.5) and with respect to any solid calcium species 
like gypsum (Figure 2.1B).  
 
Figure 2.1. (A) Effects of initial pH on P and Ca removal efficiency. (B) Supersaturation 
index calculated from Visual MINTEQ. (C) Raman and (D) XRD patterns of recovered solid 
products. (E) Change of solution pH in open and closed circuit. Conditions: [Ca(NO3)2·4H2O] 
=1.0 mM; [Na2SO4] = 50 mM; [Na2HPO4] = 0.6 mM; current = 20 mA, time = 24 h. 
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In addition, the calculation of the species distribution shows that nearly 87% of Ca presented 
as dissolved CaSO4 and P was almost 100% present as H2PO4− (Figure S2.2). Therefore, it 
is not surprising that no CaP precipitated from solution at pH0 4.0. At pH0 8.2, while the 
thermodynamic calculation indicates the solution is supersaturated with respect to HAP 
(SIHAP = 8.6) and the fraction calculation also suggests the formation of HAP (Figure S2.2), 
no visible precipitates were found in reactors. Actually, many lakes are also supersaturated 
with respect to HAP without HAP being found in the lake sediments [70]. Indeed, 
thermodynamic predictions for precipitation of certain solids do not imply that they are 
kinetically favorable. The precipitation rate may be too slow to be observed and precipitation 
may progress via the Ostwald Step Rule [73]. Interestingly, it was found that the application 
of a current of 20 mA (current density, 3.8 A/m2) makes a big difference. The P removal 
efficiencies jumped to over 48% in all cases: 56.1%, 57.4% and 48.4% of P were removed at 
pH0 4.0, pH0 8.2 and pH0 10.0 within 24h, respectively (Figure 2.1A). We found that 
approximately 50% of Ca was removed as well. The simultaneous removal behavior of Ca 
and P indicates their removal as CaP precipitates. The precipitated solids were characterized 
by XRD and Raman spectroscopy. The Raman spectrum (Figure 2.1C) of the three samples 
almost all show internal bands of CaP, including a main ν1 PO43− peak around 955 cm−1 and 
well isolated ν2 PO43 − (~425 cm−1) and ν4 PO43− (~590 cm−1) peaks, which clearly 
demonstrates the formation of CaP [74, 75].  
Interestingly, the XRD patterns (Figure 2.1D) suggest amorphous products are produced in 
acid and neutral solution as confirmed by the lack of sharp peaks and the presence of a broad 
peak around 2θ = 38°. At pH0 10.0, a relatively more crystalline product is formed. The sharp 
peak around 2θ = 30° indicates the presence of more crystalline CaP phases. However, the 
product is still dominantly amorphous. Most of the sharp peaks of pH0 10.0 are attributed to 
Na2SO4 because the collected solids were air-dried without rinsing.  
While it is not surprising that P was removed in an alkaline solution, the high removal 
efficiency of P at pH0 4.0 was not expected. As seen from Figure 2.1B, the solution at pH0 
4.0 is undersaturated for all possible CaP products. The only factor that can contribute to the 
increase of SI here could be the increase of pH. However, Figure 2.1E shows the solution 
pH decreases largely for pH0 8.2 and pH0 10.0, in which the solution pH drops to 4.6 and 4.0 
respectively. Regarding pH0 4.0, it also declines to 3.4 after 24 h treatment. It should be noted 
that under open circuit the solution pHs also drop to some extent due to equilibration with 
Electrochemical induced calcium phosphate precipitation: importance of local pH
23
Ch
ap
te
r 2
Electrochemical induced calcium phosphate precipitation: importance of local pH 
 
24 
 
atmospheric CO2 in an open system (Figure 2.1E). In conclusion, it may be reasonable to 
infer that bulk solution pH is not that important, in terms of P removal efficiency. 
2.3.2 Importance of local pH 
A phenomenon that we observed during our experiments is that precipitates just formed 
at/near the surface of the cathode. This points to different conditions at the cathode surface 
than in the bulk solution. The possible differences could be pH, Ca and P concentration, 
which determine the saturation of CaP species in our system. Indeed, electro migration could 
transfer negative ions to the anode and positive ions to the cathode. However, because the 
relatively low concentration of Ca2+ compared to electrolyte (50 mM Na2SO4), it is unlikely 
that Ca2+ can be enriched to such an extent that it can increase the saturation state of CaP. In 
addition, if electro migration plays an important role here, the P concentration in the vicinity 
of cathode should decline correspondingly. Therefore, we conclude that electro migration of 
ions does not play a crucial role in this system. The only possible reason for precipitation 
should then be attributed to the production of OH− by electrochemically mediated water 
reduction at the cathode: 
2H2O + 2e− → 2OH− + H2↑                                           (2.6) 
 
Figure 2.2. (A) The measured and (B) theoretically calculated local pH. Conditions: 
[Ca(NO3)2·4H2O] =1.0 mM; [Na2SO4] = 50 mM; [Na2HPO4] = 0.6 mM; current = 20 mA, 
time = 24 h. 
Though the produced OH− will diffuse to the bulk solution and the diffusion rate will increase 
with the mixing rate, the relatively high pH in the very vicinity of cathode will not disappear 
[76]. While we did not have special pH sensors to record local pH, an attempt was made to 
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measure the local pH by a general pH sensor. Indeed, we observed a big difference between 
the bulk solution pH and the so measured local pH, as shown in Figure 2.2A. For example, 
in 1 h, while the solution pH dropped from 8.2 to 7.4, the local pH went up to 9.9. However, 
as the measurement of local pH by this method is sensitive to the distance between the sensor 
and the cathode, it is difficult to record a consistent pH. Consequently, the trend of local pH 
changes a lot. Although we did not measure the exact thickness of the precipitation layer, it 
is supposed that the local crystallization zone ranges to less than 1 mm away from the cathode 
surface, which was proven by a simple test. When we put a glass plate (26 × 26 × 1 mm) on 
the cathode surface, covering 12.8% of the cathode, there were no precipitates initiated from 
the glass surface. This showed that CaP precipitation just take places in the local region of 
the Ti cathode where the surface pH is much higher than the bulk solution pH because of the 
electrochemical production of hydroxide ions. Considering the size of a regular pH sensor as 
used in our experiments and the thickness of the reaction zone where a high local pH is 
created, it is evident that the local pH cannot be recorded consistently with a common pH 
electrode. Nevertheless, there is no doubt that the local pH is much higher than the bulk 
solution pH. In addition to measuring the local pH directly, we made an attempt to calculate 
the local pH theoretically. The production of OH− corresponds to the electricity consumed 
with time elapse and can be calculated by Faraday’s law. The calculation results (Figure 
2.2B) suggest that the local pH decreases with the thickness of local diffusion layer and it 
can reach pH values as high as 13.2 and 14.5 theoretically for an assumed maximum 
thickness of the local diffusion layer of 1 mm and after, respectively, 1 and 24 h electrolysis. 
The local pH can be even higher if we assume a smaller local diffusion layer. The theoretical 
calculation, along with the fact that CaP only forms in the vicinity of and on the cathode 
surface indicated that the electrochemically induced high local pH is indeed responsible for 
the calcium phosphate precipitation. 
2.3.3 Crystallization mechanism. 
As discussed above, the bulk solution pH in the electrochemical system is not as important 
as in traditional chemical precipitation processes. This is attributed to the electrochemically 
created difference between the bulk solution pH and the local pH at the vicinity of cathode. 
We proposed a possible CaP formation and precipitation mechanism based on the increase 
of local pH. For the first step, the consumption of electrons by cathode mediated water 
reduction created the high local pH (see eq 2.6). Meanwhile, dihydrogen phosphate (H2PO4−) 
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reacts to monohydrogen phosphate (HPO42−) and phosphate (PO43−) via acid-base reactions 
in the local area. 
In the second step, homogenous nucleation of CaP occurs because of the increased 
thermodynamic driving force and the declined solubility of CaP salts, both resulting from the 
high local pH. It should be noted that the Ti cathode might also provide a favorable surface 
for CaP nucleation in this system. Even so, it takes more than 4 h to see macroscopic 
precipitates. These then promote the growth and precipitation of precursor phases of HAP. 
The formed precipitates were weakly attached to the cathode surface via electrostatic 
interactions and continued to grow [77]. Gradually, the precipitates covered the cathode 
surface. One may worry that covering the cathode surface with CaP precipitates will increase 
the resistance and will corrupt the local pH and thus under constant current conditions, the 
cell potential would increase a lot. However, this phenomenon was not observed in our 
system, probably because the surface is not completely blocked as a result of the formation 
of hydrogen bubbles that resulted in small channels through the CaP layer. In addition, 
because of the design of our electrodes, the bottom side (or even the rod) of the cathode can 
work equally well when the top of the cathode is covered. 
xCa2+ + yHPO42−/PO43− + nH2O → ACP↓                          (2.7) 
Ca2+ + HPO42− + 2H2O → DCPD↓                                      (2.8) 
8Ca2+ + 4PO43− + 2HPO42− + 5H2O → OCP↓                       (2.9) 
The possible intermediate phases, including amorphous calcium phosphate (ACP), brushite 
(CaHPO4·2H2O, DCPD), and octacalcium phosphate (Ca8(HPO4)2(PO4)4·5H2O, OCP) can 
be involved in the crystallization process (see eqs. 2.7, 2.8 and 2.9). However, we were not 
able to characterize all possible species mentioned. The associated initial phase in our system 
was confirmed as ACP by the absence of peaks in the corresponding XRD patterns. The 
typical broad peak at 2θ = 38° confirms the formation of ACP as a precursor (Figure 2.3A). 
Regarding ACP, there is no defined chemical formula yet but normally the formula of 
Ca9(PO4)6·nH2O is used since Posner and Betts proposed that structure [78]. However, the 
atomic Ca/P ratio (1.38, Figure S2.3) in our system is lower than the proposed value and 
therefore, the formula of CaxHy(PO4)z·nH2O is suggested. The formation of ACP in our 
system can be expressed as given in eq 2.7.  
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Figure 2.3. (A) XRD patterns, (B) SEM images and (C) Raman spectrum of samples 
collected at different reaction days. (D) Ca and P concentration change with time elapse. 
Conditions: [Ca(NO3)2·4H2O]=1.0 mM; [Na2SO4] = 50 mM;[Na2HPO4] = 0.6 mM; current 
= 20 mA, pH0 = 8.2; time = 1 day to 11 days. 
In addition, carbonate, which could originate from atmospheric CO2 under alkaline 
conditions, might also be incorporated or precipitate as calcium carbonate. However, both 
XRD and Raman data do not confirm the presence of CaCO3. The formation of ACP in our 
system agrees with Ostwald rule [73], which foresees that the crystallization process is 
initiated by the formation of the least thermodynamically stable phase. Indeed, though 
thermodynamics predict HAP formation, the direct formation of HAP (eq 2.10) was not 
observed. 
10Ca2+ + 6PO43− + 2OH− → HAP↓                                      (2.10) 
This is because the formation of HAP is much slower than that of either ACP or OCP, and 
during simultaneous phase formation, a larger percentage of the kinetically favored species 
may be observed, even though it has a much smaller thermodynamic driving force [35]. At 
constant temperature, the transformation kinetics is a function of only pH because pH 
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regulates both the dissolution of precursor phases and the formation of the early HAP nuclei 
[35]. In our system, the cathode mediated water reduction regulates the production of OH−. 
Therefore, when the electrolysis time is increased, the initially formed ACP and other 
intermediate CaP phases may transform to HAP via eq 2.11: 
OCP/DCPD/ACP + xCa2+ + yOH− → HAP↓                        (2.11) 
To check if HAP can form eventually, we increased the electrolysis time up to 11 days. The 
XRD characterization indicates that even after 4 days, the products were still dominantly 
amorphous (Figure 2.3A). This indicates that the precursor phase can be maintained for a 
long period. However, we found that though the phase does not change, the solids particle 
size increased, as can be seen from SEM images shown in Figure 2.3B. Note that these SEM 
images have the same magnification factor (× 10000). In addition to the growth of particles, 
the corresponding Ca/P ratio also increases to 1.44 (Figure S2.3). However, on day 7, both 
the morphology and phase changed. The XRD data (Figure 2.3A) along with the typical 
needle-like shape [79] (Figure 2.3B) demonstrates the formation of HAP on the seventh day. 
The good match with peaks around 13°, 30° and the four peaks in the range of 2θ from 38° 
to 42° for commercial HAP confirms the transformation to HAP. The atomic Ca/P ratio (1.66) 
on day 7 also agrees well with the theoretical ratio (1.67). On day 11, the particle size 
increased again and the Ca/P ratio reached 1.76, but the morphology remained needle-like. 
The phase transformation to HAP can be further supported by Raman data (Figure 2.3C), 
where the ν1 PO43− band shifted from 955 cm−1 typical for ACP (day 1 and 4) to 963 cm−1 
that is for HAP (day 7 and 11) [80]. In addition to solid characterization and analysis, the 
changes of Ca and P concentrations in the bulk solution also support the phase transformation. 
Figure 2.3C shows the removal trend of Ca and P from solution. Both P and Ca 
concentrations decreased with electrolysis time. After 7 days, more than 90% P and Ca 
precipitated from solution. Specifically, at the end of all reaction periods, the removal 
efficiency of P is higher than of Ca, but the difference for 7 days and 11 days (3.1% ± 0.3) is 
much lower than for day 1 and day 4 (9.5% ± 1.0). This result suggests that low atomic Ca/P 
ratio products (ACP) are formed initially on day 1 (Ca/P = 1.38) and day 4 (Ca/P = 1.44) and 
later transformed into high ratio (1.66 and 1.76 for day 7 and 11, respectively) product (i.e., 
HAP), thanks to the continuous production of OH− at the cathode surface. Because the initial 
molar ratio of Ca (1.0 mM) to P (0.6 mM) is 1.67 and therefore the formation of low ratio 
Ca/P products will result in the relatively lower use of Ca. To conclude, the formation of 
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HAP in the electrochemical system is identified as a typical crystallization process, starting 
with an amorphous phase followed by the precursors and finally transformed to the 
thermodynamically most stable phase (HAP).  
2.3.4 Electrochemical recovery of phosphorus in real wastewater 
Besides studying the efficiency and the precipitation mechanism using simulated solutions 
with various bulk pH, the efficiency of electrochemical P precipitation for real wastewater 
was investigated and compared with conventional chemical precipitation, in terms of 
efficiency and cost. Detailed information about the wastewater compositions, experimental 
methods and cost calculation are provided in SI (See Table S2.1, Texts S2.1, S2.2, S2.3 and 
S2.4). 
 
Figure 2.4. (A) Concentration change and removal efficiency of P, Ca and Mg in real 
wastewater by electrochemical precipitation. (B) Removal efficiency of P by conventional 
chemical precipitation under different solution pH adjusted by sodium hydroxide. 
Figure 2.4 gives a summary of the results of electrochemical and chemical precipitation. In 
electrochemical precipitation system, after a period of 24, 48 and 72 h, the P concentration 
decreased from 8.0 to 4.3, 3.1 and 2.3 mg/L respectively. This corresponds to a removal 
efficiency of 42.8% in 24 h, 62.1% in 48 h and 71.5% in 72 h. Though the wastewater has a 
complicated matrix (Table S2.1) and a much lower P concentration, the removal efficiency 
is comparable to the simulated solutions. This is probably due to the role of Mg and Ca. In 
the wastewater, the removal of P may result from both calcium phosphate and magnesium 
phosphate precipitation. This was concluded from the simultaneous removal of P, Ca and Mg 
(Figure 2.4A). At the same time, we found the concentration of inorganic carbon also 
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decreased from 166 to 115 mg/L (Figure S2.4). This point to formation and precipitation of 
CaCO3 and MgCO3 or a mixed phase. The contribution of CaCO3 was also reported on P 
removal from wastewater by CaP precipitation [31, 69]. In addition to the co-precipitation of 
carbonate salts, the heavy metal ions in the wastewater, which we did not address in this 
paper, might be removed via adsorption or incorporation, as reported in a previous study on 
struvite formation from urine [81]. Hence, for P recycling for use in fertilizer, the behavior 
of toxic ions in the phosphate recovery process should be investigated in detail. Ideally, heavy 
metal ions (i.e., Zn, Cu) could be incorporated and work as micronutrients, but their contents 
should be kept below the standard for P fertilizer. A more in-depth study on the fate and 
behavior of coexisting components and the corresponding effects on the possible application 
of products is ongoing. 
We also compared the electrochemical P precipitation with conventional chemical 
precipitation, in terms of efficiency and cost. Clearly, as shown in Figure 2.4, as expected, 
chemical precipitation is more efficient than electrochemical precipitation regarding removal 
efficiency. After adjusting the solution pH ≥10, over 78.8% P (Figure 2.4B) was removed 
from the solution. It should be noted that the P removal refers to the P removal after filtration 
through 0.45 µm membrane and therefore this value is higher than the precipitation efficiency 
(see Figure 2.4B), as the formed products do not have a good settling rate. For example, the 
removal efficiency of P is 93.9% at pH 11 but the corresponding precipitation efficiency is 
only 67.8%. Hence, in chemical precipitation process, a follow-up separation process is 
needed. However, in the electrochemical system, because the precipitation only happens near 
and on the cathode, removal and separation are simultaneous. The extra separation process 
is therefore avoided. 
For cost comparison, we only considered the electricity cost in the electrochemical system 
and the caustic soda cost for the chemical precipitation system. After normalizing the cost as 
€/kg P, the cost of electrochemical precipitation is 41 €/kg P, which is comparable to 
chemical precipitation. The cost of chemical precipitation depends on the solution pH and 
varies from 18.9 to 61.1 €/kg P. The lowest cost is achieved at pH 10. As the cost of the two 
methods is of the same magnitude, we believe optimization of the electrochemical process 
can make the process economically viable.  
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Supporting information 
Text S2.1 Wastewater sampling. We sampled the domestic wastewater from the local 
wastewater treatment plants (Leeuwarden, The Netherlands). The wastewater is the influent 
of the treatment plants. The wastewater was pretreated by physical separation to remove 
obvious solids. The wastewater composition is shown in Table S2.1.  
Text S2.2 Experiment methods. We conducted electrochemical precipitation tests by 
adding 1.0 L wastewater to the electro cells with process conditions equal to the ones for the 
simulated solutions. We did not add any chemicals except applying a 20 mA current. We 
conducted chemical precipitation experiments in a beaker with 500 mL of the sampled 
wastewater. We then used analytical sodium hydroxide (1.0 mol/L, VWR Chemicals, 
Belgium) to adjust the pH of the wastewater to 9, 10, 11 and 12. The used volume of sodium 
hydroxide was recorded. We then mixed the solutions at 400 rpm for 30 mins and allowed 
another 30 mins for the precipitates to settle. 
Text S2.3 Electrochemical precipitation cost. The electricity price is 0.09 €/kW·h. In 
electrochemical precipitation system, 3.41 mg P was removed in 24 h under 20 mA current. 
The energy consumption is 0.02A*3.24V*24 h = 1.557 W·h = 1.557*10-3 kW·h. Then the 
specific energy consumption is 1.557*10-3 kW·h/3.41 mg P. After normalization, the cost is 
41 €/kg P.  
Text S2.4 Chemical precipitation cost 
The commercial price of NaOH is 0.4 €/kg [82].  
For pH 9, we used 0.825 mL NaOH (1 mol/L) and removed 0.216 mg P, the corresponding 
cost is 61.1 €/Kg P. 
For pH 10, we added 3.725 mL NaOH and removed 3.151 mg P, the corresponding cost is 
18.9 €/kg P. 
For pH 11, we added 7.8 mL NaOH and removed 3.755 mg P, the corresponding cost is 33.2 
€/kg P. 
For pH 12, we added 11.4 mL NaOH and removed 3.815 mg P, the corresponding cost is 
47.8 €/kg P. 
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Table S2.1 Wastewater composition of influent in WWTP Leeuwarden, the Netherlands. 
parameter value standard dev. unit 
total COD 197.70 25.32 mg/L 
total organic carbon 61.2 7.15 mg/L 
 inorganic carbon 166 6.38 mg/L 
total P- PO43- 7.82 0.44 mg/L 
total N  64.05 0.73 mg/L 
K+ 20.8 0.27 mg/L 
Mg2+ 15.8 1.52 mg/L 
Ca2+ 60.2 1.85 mg/L 
Cl- 170.8 14.1 mg/L 
pH 8.12 0.14 N/A 
conductivity 1.97 0.14 mS/cm 
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Figure S2.1. Schematic view of the setup. An external tank was connected to the 
electrochemical phosphorus recovery cell, for the consideration of sampling and analysis. 
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Figure S2.2. (A) Ca and (B) P distribution under different solution pH calculated with Hydra-
Medusa. Input conditions: [Ca2+] = 1.0 mM; [HPO42−] = 0.6 mM; [Na+] = 111.3 mM; [SO42−] 
= 50 mM; [NO3−] = 2.0 mM.  
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Figure S2.3. The atomic Ca/P ratios of the collected calcium phosphate precipitates for 
different initial solution pH and different electrolysis time.  
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Figure S2.4. Change of inorganic carbon concentration during the electrochemical P 
precipitation process. Conditions: 20 mA. 
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Abstract 
To address the issues of eutrophication and the potential risk of phosphorus (P) shortage, it 
is essential to remove and recover P from P-containing streams to close this nutrient cycle. 
Electrochemical induced calcium phosphate (CaP) precipitation was shown to be an efficient 
method for P recovery. However, the influence of natural organic matter (NOM) is not known 
for this treatment. In this paper, the behavior of NOM and its effect on CaP precipitation was 
studied. In contrast to studies where NOM hindered CaP precipitation, results show that the 
interaction of NOM with CaP improves the removal of P, independent of the types of NOM. 
The P removal at the average increased from 43.8 ± 4.9% to 58.5 ± 1.2% in the presence of 
1.0 mg/L NOM. Based on the yellow color of the CaP product, NOM is co-precipitated. The 
bulk solution pH with and without buffers has different effects on the precipitation process. 
Without buffer, CaP precipitates on the cathode surface in a wide pH range (pH 4.0−10.0). 
However, the precipitation process is completely inhibited when the bulk solution is buffered 
at pH 4.0 and 6.0. This is probably due to neutralization of OH− by the buffers. Regardless 
of the presence or absence of NOM and solution pH, the recovered products are mainly 
amorphous CaP unless the electrolysis time was increased to seven days with 4.0 A/m2, in 
which crystalline CaP formed. These findings advance our understanding on the interaction 
of Ca, P and NOM species for the application of electrochemical method for P recovery from 
real wastewater. 
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3.1 Introduction 
Phosphorus (P) plays an essential role for all living organisms [22]. P fertilizer is also needed 
to secure food production. However, the diminishing reserves of P rock are not adapted to 
the growing demand of P [7, 83]. Indeed, on the one hand, P can be a scarce resource in the 
future, on the other hand, plenty of P containing waste streams are discharged to water bodies, 
resulting in an environmental catastrophe, namely eutrophication [7]. However, if we can 
recover the lost P and re-use it as a constituent in fertilizer, this can reduce the risk of P 
shortage and alleviate eutrophication problems [10]. 
Various methods, including enhanced biological phosphorus removal [31, 84], adsorption 
[85] and chemical precipitation have been applied to remove P from waste streams. Among 
them, the most common way is chemical precipitation because of its easy operation and 
efficiency [23]. For the sake of re-use, the chemical precipitation method has shifted from 
using Fe and Al salts, which produce hardly bio-reusable P salts, to struvite (MgNH4PO4) 
and calcium phosphate (CaP), which can be used as a slow-release fertilizer or as raw 
materials for the fertilizer industry, respectively [29, 31, 54]. Previous studies indicate that 
the concentrations of the associated lattice ions and pH affect the removal performance of P 
since these variables determine the driving force for the precipitation of a species in chemical 
precipitation process [36, 86]. On the basis of this, a variety of Mg or Ca sources, such as 
natural brucite [28], building waste [87] and steel slag [88] had been applied to achieve 
efficient and cost-effective P removal. The advantage of these Mg or Ca sources is that they 
not only provide Mg2+ or Ca2+ but also increase solution pH. Particularly, the membrane 
containing electrochemical system, which can enrich phosphate concentration and increase 
solution pH simultaneously, receives a lot of attention [49, 55, 56, 69]. However, the 
associated fouling issues of membranes remain a challenge. The inspiring point, however, is 
that several studies showed the possibility of a membrane-free system for P removal and 
recovery [64, 65].  
Lei et al. recently reported an efficient membrane-free system which induces CaP 
precipitation at the cathode surface over a wide pH range [89]. It was proposed that the 
production of hydroxide ions on the surface of the titanium cathode through water electrolysis 
is responsible for P precipitation. In the tests described in Lei et al. [89], calcium nitrate and 
sodium phosphate in a background matrix of sodium sulfate in MilliQ (18.2 MΩ·cm) water 
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was used. Further assessment of the applicability of the membrane-free system requires 
adding other components that could be naturally present and that may interfere with the 
precipitation of CaP. Previous non-electrochemical studies have shown that both Mg2+ and 
carbonate inhibit CaP precipitation by replacing lattice Ca and decreasing free Ca by 
complexation, respectively [90-92]. In particular, it was reported that natural organic matter 
(NOM) inhibits the precipitation of CaP by decreasing free aqueous Ca ions and blocking 
nucleation sites [93-95]. NOM is a complex matrix of heterogeneous mixture of organic 
compounds [96] and coexists with Ca and P in every aquatic and soil system [95]. The 
complex structure and functional groups of NOM allows ion exchange and complexation 
[97], and thereby may interact with lattice ions and thence influence CaP precipitation. 
However, the interaction of NOM on CaP precipitation in electrochemical systems, to our 
knowledge, has not been studied, nor the effect of NOM from different sources (or the 
combined effect of NOM) and solution pH on CaP precipitation. Electrochemically induced 
CaP precipitation depends on the local chemical environment near the cathode surface. It is 
also known from the literature that though NOM in general shows inhibiting effects on CaP 
precipitation in conventional chemical precipitation process, the negative role can be 
overcome by increasing solution pH [93, 95]. Since the electrochemical system can create a 
high local pH by OH− production at the vicinity of the cathode, the negative effects of NOM 
may be eliminated in this system.  
The objective of this study is to elucidate the influence of NOM on CaP precipitation in the 
electrochemical system. Specifically, we studied the effects of NOM from different sources 
at different pH conditions. We also investigated the effect of electrolysis time on the 
electrochemical interaction of Ca, P and NOM and the associated impact on chemical and 
physical properties of precipitates. 
3.2. Materials and methods 
3.2.1 Materials 
Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) was bought from Merck (Germany). 
Disodium phosphate (Na2HPO4), sodium sulfate anhydrous (Na2SO4), phthalate (pH 4 
buffer), citrate (pH 6 buffer) and borate (pH 10 buffer) were obtained from VWR (Leuven, 
Belgium). Electrodes were provided by MAGNETO Special Anodes BV (Schiedam, The 
Netherlands). Three types of NOM were purchased from the IHSS (International Humic 
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Substances Society) as dry solid extracts: Suwannee River NOM (2R101N, NOM1), Nordic 
Lake NOM (1R108N, NOM2) and Pony Lake NOM (1R109F, NOM3). No further 
purification is performed on these NOMs. All solutions were prepared in MilliQ water (18.2 
MΩ·cm).  
3.2.2 Setup 
 
Figure 3.1. Schematic diagram of the setup. 
As shown in Figure 3.1, the electrochemical cell consists of a working electrode (cathode), 
a counter electrode (anode) and an Ag/AgCl reference electrode. The constant current 
condition was provided by a potentiostat (VERTEX, IVIUM Technologies, The Netherlands). 
The cathode is a pure Ti disc (Ø 8.0 cm, thickness 0.1 cm, grade A) and is perpendicularly 
welded to a 12-cm long rod (Ø 0.3 cm). The anode has the same design as the cathode and 
was coated with 10 g/m2 Ru-Ir. The total solution in the electrochemical cell (800 mL) is 
circulated with a pump at a flow rate of 70 mL/min.  
3.2.3 Batch experiments 
For the preparation of the test solutions, we used stock solutions of Ca2+ (0.4 M) and P-PO4 
(0.24 M) to obtain final concentrations of 1.0 mM total Ca and 0.6 mM P. In this paper, we 
used the term “P” to represent all soluble phosphorus species in the bulk solution. In all batch 
tests, we added 50 mM Na2SO4 to maintain the electrolyte conductivity. We first chose 
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NOM1 as the typical reference NOM, investigated its effect on CaP precipitation in the range 
of 1.0 to 10.0 mg/L, and subsequently studied the effects of NOM sources. We also examined 
the effects of pH in buffered and unbuffered solutions on P recovery. We performed all the 
electrochemical experiments at a constant current density (4.0 A/m2) for 24 h at room 
temperature. All the tests were at least done in duplicate. The data are shown as mean plus 
standard deviation. Solids on the cathode surface were collected and dried at room 
temperature. It should be noted that the solid precipitates were not washed with MilliQ (18.2 
MΩ·cm) water in preventing potential dissolution or recrystallization of precipitates. 
3.2.4 Analysis 
The soluble Ca and P concentrations were analyzed by ICP-AES. NOMs were characterized 
by Liquid Chromatography-Organic Carbon Detection (LC-OCD) (Model 8, DOC-LABOR, 
Karlsruhe, Germany). Detail information about the analysis of LC-OCD can be found in a 
previous publication [98]. Prior to the analysis, the samples were filtered with a 0.45 µm 
filter. The phases of collected precipitates were identified by X-ray diffraction (XRD) and 
collected on a Bruker D8 advanced diffractometer equipped with a Vantec position sensitive 
detector and with a Cu Kα radiation (λ = 0.154 nm) over a range of 10−70° in 0.02 step sizes 
with an integration time of 0.5 s. The XRD data were processed with DIFFRAC.EVA 
software (Bruker, Germany) and compared with the Crystallography Open Database (COD). 
The corresponding morphologies were examined by scanning electron microscope (SEM, 
JEOL-6480LV, JEOL Ltd., Japan). The SEM samples were coated with gold using a JEOL 
JFC-1200 Fine coater at 10 Pa for 30 s. 
3.2.5 Calculation 
We used visual Minteq to calculate the supersaturation index (SI) of the possible species in 
the bulk solution. The SI is defined as: SI = log (IAP
Ksp
)                                                        (3.1) 
Where Ksp is the thermodynamic solubility product and IAP is the ion activity of the 
associated lattice ions.  
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3.3. Results and discussion 
3.3.1 Effect of addition of NOM 
We started our experiments by comparing P removal in the presence and the absence of 
NOM1. Figure 3.2A shows the effect of 5.0 mg/L NOM1 on Ca and P removal at an initial 
pH (~ 8.0,) established after all chemicals were added. 
 
Figure 3.2. (A) Effects of NOM1 on the removal of Ca and P, (B) XRD patterns and (C, D) 
SEM images of the precipitates collected in the absence and presence of NOM1. It seems that 
NOM1 improves the removal of P, but it does not change the morphology of precipitates. 
Conditions: Suwannee river NOM1 = 5.0 mg/L; [Ca2+] = 1.0 mM; [P-PO4] = 0.6 mM; pH0 = 
8.0; electrolysis time = 24 h; current density 4.0 A/m2; anode: RuIr-Ti; cathode: Ti. 
In the presence of 5.0 mg/L NOM1, the removal efficiency of Ca and P increased by 14.6% 
and 16.9%, respectively, in comparison to the removal of Ca and P in the absence of NOM1. 
This is in contrast to results found for non-electrochemical CaP precipitation, where an 
inhibitory effect of NOM on CaP precipitation was observed [94, 95]. The lack of inhibition 
by NOM1 on the removal of P in our system is probably because the precipitation occurs in 
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a local region where the pH is high enough to overcome the negative influence of NOM1. 
Indeed, it is known from literature that NOM shows negligible inhibition on both struvite and 
CaP precipitation under strongly alkaline conditions (pH > 9.0) [93, 95]. In the 
electrochemical system, a local high pH at the vicinity of the Ti cathode can be created 
through water reduction; 2H2O + 2e− → 2OH− + H2. As a result, Ca and P ions precipitate as 
solid CaP phase, even in the presence of NOM1. 
This still does not explain why NOM improves the precipitation of CaP on the cathode. One 
of the reasons could be that NOM provides binding sites for Ca once NOM co-precipitates 
with CaP nuclei which are precursors of stable calcium phosphate particles. NOM, due to its 
multiple functional groups, such as carboxyl group, can easily adsorb Ca2+. The used NOM1 
has a charge density of 11.21 meq/g carbon at pH 8.0, according to the data provided by IHSS 
[99]. With 5 mg/L NOM1 (carbon content 50.7%), theoretically, only 0.0284 meq could be 
available for binding Ca2+, which accounts for 1.4% of 1.0 mM Ca2+. From this perspective, 
the NOM seemingly not play a role in complexation with Ca. However, the charge density 
of humic substance increases systematically with pH.  
Once being adsorbed to the formed calcium phosphate and in contact with the local high pH, 
the NOM1 may able to further interact with the phosphate. In this way, the co-precipitated 
NOM1 enhanced the removal of P. Also, it is reported that NOM can react with electrons 
from the cathode or with H2 formed at the cathode surface [100]. In our system, the NOM1 
may work similarly. Once being adsorbed to the cathode surface, the NOM1 may interact 
with the Ca2+ and phosphate in the bulk solution and thus enhance the removal of P. Perassi 
and Borgnino [101] investigated the effect of humic acid on phosphate adsorption by calcite 
coated montmorillonite. It was found that the order of adding humic acid and phosphate 
affects the adsorption significantly. When humic acid and phosphate were added 
simultaneously or humic acid firstly, the adsorption of phosphate on calcite coated 
montmorillonite was lower, compared to the values observed in the absence of humic acid. 
However, when phosphate was added first, the adsorption of phosphate on CaCO3-M 
increases when humic acid was added [101]. It was proposed that humic acid improves the 
adsorption of P onto calcite coated montmorillonite by preventing precipitation of CaP in 
bulk solution. The same mechanism may apply to our system as well.  
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Indeed, NOM may prevent CaP precipitation in the bulk solution through complexation with 
Ca and enhance the removal of P. In the presence of 1.0 mM Ca and 0.6 mM phosphate, at 
pH 8.0, the solution is already supersaturated, though no visible precipitation can be noticed. 
Table S3.1 shows in the absence of NOM1 at least four calcium phosphate species are 
saturated, including amorphous calcium phosphate (ACP, SI = 0.382), beta Ca3(PO4)2 (SI = 
1.052), Ca4H(PO4)3·3H2O (SI = 0.046) and hydroxyapatite (HAP, SI = 8.634). This suggests 
that the Ca may already form metastable phase with phosphate, but due to kinetic reasons or 
surface tension that needs to be overcame did not precipitate. The formation of such complex 
will decrease the availability of lattice ions in the bulk solution, so as the diffusion of lattice 
ions toward the cathode. However, in the presence of 5 mg/L NOM, Ca4H(PO4)3·3H2O (SI 
= −0.049) is not saturated and the SI of the rest species also decreased. The decrease of SI 
may increase the free phosphate in the bulk solution and so as the diffusion of phosphate 
toward the cathode.  
The increased removal of P in the presence of NOM1 did not change the structure of CaP, as 
shown by XRD (Figure 3.2B). There are no crystalline CaP phases that can be identified in 
the XRD patterns. Most of the sharp peaks in the absence of NOM1 turn out to be Na2SO4 
resulting from the background electrolyte. The consistent broad peak around 30° can be 
assigned to ACP. This is further supported by the unchanged morphology of CaP, as shown 
in the SEM images (Figure 3.2C). Whether in the absence or presence of NOM1, the 
precipitates appear as small spherical particles, which is typical for ACP.  
3.3.2 Effect of NOM1 concentration 
After recognizing the promoting effect of NOM1 on electrochemical CaP precipitation, we 
studied the influence of NOM1 concentration. Figure 3.3A shows the removal of P slightly 
increased from 43.8 ± 4.9% (0 mg/L) to 58.5 ± 1.2% (1.0 mg/L) and further to 62.5 ± 1.9% 
in the presence of 10 mg/L NOM1. In addition, we found that the addition of NOM1 changes 
the color of the recovered products (Figure 3.3B). Without NOM1, the precipitate has the 
typical white color of CaP. However, the color of precipitates changes to light yellow in the 
presence of 1.0 mg/L NOM1. The color intensity of precipitates increases with increasing 
NOM1 dosage (Figure 3.3B), probably because of the amount of adsorbed/co-precipitated 
NOM1 increases. The increased adsorption/co-precipitation of NOM on CaP may hinder the 
further adsorption of phosphate on initially precipitated CaP. It was documented that the 
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simultaneous addition of humic acid and phosphate lowers the adsorption of phosphate on 
calcite coated montmorillonite [101].  
 
Figure 3.3. (A) Removal efficiencies of Ca and P, (B) the color of precipitates and (C) SEM 
images as a function of NOM1 dosage. SEM images in the absence of NOM1 and in the 
presence of 5 mg/L NOM1 can be found in Figure 3.2. NOM1 improves the precipitation of 
calcium phosphate and the higher the NOM1 concentration, the higher the P removal, but the 
enhancement is quite small. The presence of NOM1 also changes product color by co-
precipitation with CaP. Conditions: [Ca2+] = 1.0 mM; [P-PO4] = 0.6 mM; electrolysis time = 
24 h; pH0 = 8.0; current density = 4.0 A/m2; anode: RuIr-Ti; cathode: Ti. 
Overall, the small increase of P removal with increasing NOM1 concentration in our system 
is because NOM1, on the one hand, promotes CaP precipitation on the surface of cathode, on 
the other hand, at a later stage, the co-precipitated NOM1 may hinder the further adsorption 
of phosphate on the initially precipitated CaP. Moreover, the complexation of NOM1 with 
Ca2+ may not only decrease the free Ca in the bulk solution but also the availability of Ca in 
the local region at a high NOM1 concentration (i.e., 10 mg/L). This negative effect may cancel 
out the positive effect of NOM1 on CaP precipitation at the surface of the cathode. In 
conclusion, the effect of NOM1 on CaP precipitation in the electrochemical system is dictated 
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by the balance between the positive role and negative role. As a result, the increase in both P 
and Ca removal is small with increasing NOM1 concentration.  
Regardless of the dosage of NOM1, the morphology of the precipitates is consistent, all in 
special shape (Figure 3.3C), which is often seen for ACP. It is widely reported that the 
presence of NOM will inhibit the transfer of ACP to crystalline CaP [102]. As the precipitates 
collected in the absence of NOM1 is ACP, it is not surprising that the precipitates remain in 
the amorphous phase in the presence of NOM1. Apparently, the co-precipitation of NOM1 
with CaP will lower the purity of product as CaP. However, in terms of the value of CaP 
either as a raw fertilizer or as a direct P fertilizer, the co-precipitation may be desirable. 
According to the study of Delgado et al. [103] and Perassi and Borgnino [101], the presence 
of organic matter can increase the bioavailability of P in CaP for plants. This point out the 
potential of producing organic containing CaP fertilizer by precipitating Ca, P and NOM 
simultaneously by applying the electrochemical phosphorus recovery system. 
3.3.3 Co-precipitation mechanism 
Although we found that NOM co-precipitates with CaP and improves the removal of P in the 
electrochemical system, we are not yet able to clarify the precipitation mechanism. We 
assume that the co-precipitation can be either as direct physical precipitation or an indirect 
chemical co-precipitation or a combination of both, as illustrated in Figure 3.4.  
 
Figure 3.4. Two plausible pathways for the co-precipitation of NOM with Ca and P in the 
electrochemical P recovery system. 
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For the chemical co-precipitation pathway, Ca2+ forms a binary complex with NOM (NOM-
Ca+) initially and then diffuses to the cathode and forms insoluble P-Ca-NOM complex. The 
crucial step of chemical co-precipitation is the diffusion of NOM-Ca+ toward the cathode. 
However, given the big molecular size of NOM-Ca+, the diffusion rate of NOM-Ca+ should 
be much slower than free Ca2+, and therefore it is unlikely that the NOM-Ca+ complex 
participates in the precipitation of CaP directly. The most likely co-precipitation mechanism 
is the adsorption of NOM on ACP (Figure 3.4). In this process, the formation of ACP by 
Ca2+ and phosphate is the first step. Due to the good adsorption ability of the initially formed 
ACP and its unstable structure [93], NOM can be easily adsorbed to the surface of ACP. 
Zhou et al. [104] reported similar physical adsorption of NOM on the surface of struvite 
crystals. The adsorbed NOM1 (negatively charged) may then interact with the Ca2+ through 
electrostatic interaction, forming NOM-Ca+. Also, it is reported that NOM can react with 
electrons from the cathode or with H2 formed at the cathode surface [100]. This may 
contribute to the formation of NOM-Ca+ as well. Subsequently, the NOM-Ca+ may able to 
interact with the phosphate chemically, leading to the formation of insoluble NOM-Ca-P.  
In the same way, NOM and Ca interaction enhances the fouling of membranes in the 
nanofiltration process [105]. Therefore, it is suggested that the physical adsorption of NOM 
by ACP is the dominant co-precipitation pathway in the initial stage also because only a very 
small amount of Ca2+ can complex with NOM. In a later stage, both physical and chemical 
adsorption may contribute to the enhanced removal of P in the presence of NOM in the 
electrochemical P recovery system. 
3.3.4 Effect of NOM type 
Figure 3.5 shows that there is no significant difference for Ca and P removal among the three 
types of NOM, though the three NOMs are supposed to have different behaviors in CaP 
precipitation due to their variation in molecular size and functional groups.  
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Figure 3.5. (A) Effect of NOM types on the removal of Ca and P, (B) LC-OCD 
chromatogram of NOM1 before and after treatment. No significant differences of Ca and P 
removal efficiencies among the three types of NOM. Conditions: [Ca2+] = 1.0 mM; [P-PO4] 
= 0.6 mM; electrolysis time = 24 h; current density = 4.0 A/m2; [NOM1] = [NOM2] = [NOM3] 
= 5.0 mg L-1; pH0 = 8.0; anode: RuIr-Ti; cathode: Ti. 
NOM1 has a larger molecular weight and is regarded as a natural anionic polyelectrolyte. 
NOM2 is a mixture of hydrophilic non-humic with hydrophobic humic matter, while NOM3 
is the representative of fulvic acid with a low molecular weight [98]. The characterization of 
the three NOMs by LC-OCD (Figure S3.1) suggests that the order of humic acids-carbon 
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(HA-C) content is NOM1 (1.78 ± 0.09 mg/L) > NOM3 (1.49 ± 0.04 mg/L) > NOM2 (1.03 ± 
0.03 mg/L), all in the same dosage (5 mg/L). 
The charge density of the NOMs is also different. NOM1 has a charge density of 11.21 meq/g 
carbon, while the value for NOM3 is 7.09 [99]. Note that the charge density of NOM2 is not 
provided by IHSS, but it probably lies in the range of 7.09 to 11.21 meq/g carbon, if 
considering the HA-C content. Efforts were made to relate the composition of the NOMs 
with the P and Ca removal, but no solid conclusions could be drawn. Though it is evident 
that all NOMs improve the removal of P (Figure 3.5A), there is no significant variation 
between these NOMs. The small difference might be because the NOMs were degraded by 
the anode or an anode mediated oxidation, which results in the breakdown of NOM molecules. 
The breakdown of NOM was confirmed by the decreased humic substances, increased 
building blocks and the low molecular-weight acids, which is shown in the LC-OCD 
chromatogram (Figure 3.5B).  
The color of recovered products is different (Figure S3.2). The precipitates with NOM3 is in 
light yellow and even close to the color of samples collected in the absence of NOM. 
However, the precipitates collected in the presence of NOM1 and NOM2 are yellow-brown. 
The difference in the color of precipitates is caused by the initial color of NOMs. This again 
confirms the involvement of NOM in the CaP solids. On top of this, the small difference of 
P removal in response to the different types of NOM may highlight the dominant co-
precipitation mechanism of NOM as physical precipitation. NOM participates in the 
precipitation process mostly in the second step by adsorption to the surface of CaP. The initial 
formation of CaP at the cathode surface may be not affected by the presence of NOM nor by 
the NOM type. Therefore, the change of NOM type did not result in significant changes in 
CaP precipitation and the associated NOM co-precipitation. However, the complexity of this 
system makes it difficult to give a solid conclusion on the role of NOM on CaP precipitation 
in the electrochemical system. 
3.3.5 Effect of solution pH 
In a previous study, it was shown that the electrochemical system works efficiently in a wide 
pH range in the absence of NOM and in non-buffered solutions [89]. To investigate the 
performance of this system in the presence of NOM, the role of pH with and without buffer 
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was studied. In unbuffered solutions, as without NOM, the system shows efficient P and Ca 
removal over a wide pH range (pH 4.0-10.0) (Figure 3.6).  
 
Figure 3.6. Effect of solution pH on the precipitation of calcium phosphate in presence of 
NOM1. There is no significant difference among different initial solution pH, but the presence 
of buffers at pH 4.0 and 6.0 totally blocks calcium phosphate precipitation, with almost no 
Ca and P removed from solution. Conditions: [Ca2+] = 1.0 mM; [P-PO4] = 0.6 mM; [NOM1] 
= 5.0 mg/L; [phthalate] = 250 g/L (pH 4.0); [citrate] = 250 g/L (pH 6.0); [borate]= 250 g/L 
(pH 10.0); electrolysis time = 24 h; current density = 4.0 A/m2; anode: RuIr-Ti; cathode: Ti. 
Overall, there is no big difference among different initial bulk solution pH values and the 
obtained P removal (~ 60%). However, at pH 10.0 approximately 10% less P was removed 
from the solution. This is in line with a previous study in the absence of NOM that a low bulk 
solution pH results in slightly higher P removal [89]. However, in buffered solutions, the 
precipitation of Ca and P was reduced. Specifically, the presence of buffers at pH 4.0 and 6.0 
blocks CaP precipitation completely, with almost no Ca and P removed from the solution. 
This is because the strong buffers inhibit the increase of local pH by consuming the produced 
OH− at the surface of cathode, which was already documented [68, 106]. For instance, Honda 
et al. reported that the addition of glycine buffer (0.2 M) drops the local pH from 12.5 to 2.5 
[68]. For the solution buffered at pH 10.0, though borate buffer may hinder the increase of 
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local pH as well, the system still forms CaP precipitates in the vicinity of cathode. This is 
because at pH 10.0, the solution is already highly supersaturated with respect to CaP. This is 
supported by the 32.5% P and 31.6% Ca removal in open circuit in 24 h (Figure 3.6). Indeed, 
we found precipitates on the surface of cathode, anode and the bottom of the electrochemical 
cell in open circuit. However, under the same solution conditions, in closed circuit, most 
precipitates form at the surface of cathode. It seems that in the electrochemical system in 
addition to the production of OH− ions, the migration of Ca2+ toward the Ti cathode is 
enhanced by the applied current. Due to the self-driven and electrochemical-driven 
precipitation of CaP in pH 10.0 (buffered), the highest P removal (67.7%) was achieved.  
3.3.6 Effects of electrolysis time 
The time dependence of P removal was evaluated by extending reaction time up to seven 
days in the presence of 5.0 mg/L NOM1 at background solution pH (about 8.0). Generally, 
the removal of both Ca and P was improved by a longer electrolysis time. In the first day, 
60.0% P and 52.2% Ca precipitate from the solution (Figure 3.7A). The removal percentage 
increases to 80.5% and 68.3% for P and Ca respectively on the second day. This is because 
the increase of electrolysis time not only produces more OH− but also provides more time for 
the diffusion of Ca and P toward the reaction zone (near cathode). However, the further 
increase of electrolysis time does not increase the removal substantially.  
The removal of Ca and P increased only by about 10% even the electrolysis time was 
extended to seven days. This is probably due to the decrease of concentrations of Ca and P 
ions in the bulk solution. After two days’ reaction, the concentrations of Ca and P decreased 
to 12.7 and 3.6 mg/L, respectively. The decrease of lattice ions concentration in the bulk 
solution will drop the availability of lattice ions in the local region where precipitation 
happens and so as the removal rate of lattice ions.  
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Figure 3.7. (A) Effects of electrolysis time on the removal efficiencies. (B) XRD patterns of 
calcium phosphate products collected under different electrolysis time. Conditions: [Ca2+] = 
1.0 mM; [P-PO4] = 0.6 mM; [NOM1] = 5 mg/L; current density = 4.0 A/m2; anode: RuIr-Ti; 
cathode: Ti. 
Moreover, the initially precipitated CaP occupied most of the Ti surface. The space for further 
CaP precipitation was limited. Consequently, the removal of P only increased slightly with 
increasing the electrolysis time. Interestingly, the removal percentage of P is always about 
10% higher than Ca during the whole precipitation process. Mass balance calculations show 
that the Ca/P molar ratio in the precipitates, is 1.44 (first day), 1.41 (second day), 1.40 (fourth 
day) and 1.42 (seventh day). This is different from the Ca/P molar ratio in the absence of 
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NOM, where the Ca/P ratio gradually increased from 1.43 in the first day to 1.66 on the 
seventh day [89].  
 
Figure 3.8. Effects of electrolysis time on the morphologies of calcium phosphate products. 
SEM image of solids collected on the first day can be found in Figure 3.2. 
The difference is likely caused by the presence of NOM. As discussed previously, NOM was 
adsorbed to the surface of ACP on the cathode. The transfer of initially formed ACP to 
crystalline CaP (i.e., HAP) will be hindered/delayed in the presence of NOM [102]. Indeed, 
as shown by the SEM images (Figure 3.8), the collected particles are spherical which is 
typical for ACP till day seven when needle-like shape (HAP) co-exists with the spherical 
shape. Therefore, the precipitates collected after one day, five and seven days were subjected 
to XRD characterization (Figure 3.7B). As shown in Figure 3.7B, in 24 h and 5 days, the 
corresponding XRD spectrum shows only broad peaks around 30° and 47°. This suggests 
that the samples are dominantly ACP. However, within seven days, in addition to the same 
broadened peaks, there are also some sharp peaks which match the reference HAP (COD 
9002214), suggesting the presence of HAP in the precipitates. Though in the presence of 
NOM, the crystallization process is delayed, ACP can still transfer to crystalline species, 
depending on reaction time and pH. 
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3.4. Conclusions 
To conclude, we confirmed, for the first time, that the presence of NOM improves CaP 
precipitation mainly via physical co-precipitation with CaP in the electrochemical 
phosphorus recovery system. However, the co-precipitation of NOM on CaP surface delays 
the transfer of ACP to HAP and results in the formation of low Ca/P molar ratio species. Still, 
part of the ACP recrystallized to HAP when the electrolysis time was extended to 7 days. 
Interestingly, the initial bulk solution pH does not have dramatic effects on the interaction of 
Ca, P and NOM because the precipitation process is induced by the high local pH at the 
cathode. However, high concentrations of acidic buffer inhibit the precipitation of CaP and 
the accompanied co-precipitation of NOM because buffers hinder the increase of local pH at 
the cathode. 
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Supporting information  
 
Figure S3.1. LC-OCD chromatography of the three NOMs. 
 
 
Figure S3.2. Color of precipitates collected in the presence of different types of NOM. 
Conditions: [Ca2+] = 1.0 mM; [P-PO4] = 0.6 mM; electrolysis time = 24 h; current density = 
4.0 A/m2; [NOM1] = [NOM2] = [NOM3] = 5.0 mg/L; pH0 = 8.0; anode: RuIr-Ti; cathode: Ti. 
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Table S3.1. Supersaturation index of possible calcium phosphate species in the bulk solution. 
1.0 mM Ca2+, 0.6 mM P, pH 8.0. ACP (amorphous calcium phosphate, Ca3(PO4)2), HAP 
(hydroxyapatite, Ca5(PO4)3·OH). 
conditions supersaturation index 
ACP  HAP Beta 
Ca3(PO4)2 
Ca4H(PO4)3·3H2O 
 without NOM 0.382 8.634 1.052 0.046 
 5 m/L NOM 0.289 8.45 0.959 −0.049 
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Abstract 
Calcium (Ca), magnesium (Mg), phosphate and (bi)carbonate are removed simultaneously in 
electrochemical recovery of phosphorus (P) from sewage. However, the fate of these ions is 
not completely understood yet. In this paper, through wastewater acidification and current 
density altering, we clarified the precipitation process and electrochemical interaction of 
phosphate and coexisting ions. The removal of P is attributed to amorphous calcium 
phosphate (ACP) formation, whereas the removal of bicarbonate is mainly due to calcite 
(CaCO3) formation and acid-base neutralization. While both ACP and calcite results in Ca 
removal, Ca predominantly ends up in calcite. For Mg, it is exclusively removed as brucite 
(Mg(OH)2). Regardless of the acidification, 53±2% P and 32±1% Mg were removed in 24 h 
at 8.3 A/m2. By contrast, in response to the acidification, the removal of Ca dropped from 
42% to 19%. The removal of Mg depends on the current density, with less than 5% removed 
at 1.4 A/m2 but 70% at 27.8 A/m2 in 24 h. Based on the precipitation mechanisms, the 
formation of calcite and brucite can be reduced by acidification and operating at a relatively 
low current density, respectively. Accordingly, we achieved the lowest Ca/P molar ratio (1.8) 
and the highest relative abundance of ACP in the precipitates (75%) at bulk pH 3.8 with a 
current density of 1.4 A/m2.  
  
Chapter 4
62
Chapter 4 
63 
 
4.1. Introduction 
Phosphorus (P) is a crucial and irreplaceable element for all forms of life [47]. Today, the 
use of P fertilizer is essential in securing food production for the growing world population 
[1, 10]. Unfortunately, the globally unsustainable use of P products has not only resulted in 
the substantial decrease of P reserves in both quality and quantity but also to an increase of 
P content in rivers, lakes and coastal seas [22]. The enrichment of P in receiving water bodies 
is recognized as the primary cause of eutrophication [1, 7]. 
To reconcile the shortage of mined P and the overabundance of P in waste streams, the P in 
wastewaters needs to be captured and reused [1, 7, 10]. P in domestic wastewater is an 
important source for P recycling and reclamation [47, 107, 108]. During past decades, 
biological [19, 31, 109], physicochemical [107, 110-112] and combined process [109, 113, 
114] have been proposed for extracting P from domestic wastewater and other types of waste 
streams. In this context, calcium phosphate (CaP) based treatment techniques have emerged 
as promising ways for P recovery, as CaP is a preferred form for the fertilizer industry [29, 
31, 113, 114].  
In recent years, the use of an electrochemical process has gained attention for effective 
wastewater treatment and resources recovery [44, 61, 115, 116]. In a typical electrochemical 
wastewater treatment process, the reduction of water molecules occurs at the surface of the 
cathode. This results in an increase of pH in the vicinity of the cathode [117]. By making use 
of the local high pH, electrochemical removal of hardness [41, 118] and electrochemical P 
recovery as struvite [64] had been proposed. Based on the same principle, electrochemical P 
recovery as CaP was proven with synthetic solutions [89]. It was found that electrochemical 
treatment could induce CaP precipitation on the cathode surface. In particular, no 
precipitation of CaP was seen in the bulk solution [89, 119]. As such, there is no need for an 
extra separation process to separate precipitates from the bulk solution. The efficiency of 
electrochemical P recovery from toilet wastewater [110] and domestic wastewater [32] was 
demonstrated as well. However, the main issue of electrochemical P recovery from real 
wastewater is that other solids are formed in addition to CaP, due to the complex wastewater 
matrices. The formation of other solids will lower the amount of CaP in the precipitates and 
the value of the recovered products.  
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The dominant byproduct was found to be calcium carbonate [32]. An obvious way to increase 
the CaP content in products is to reduce the bicarbonate concentration through pre-
acidification of the wastewater. However, the acidification of wastewater may also affect the 
CaP precipitation, as the pH and the buffering capacity of the wastewater change with the 
acidification. We previously showed that electrochemically induced CaP precipitation 
depends on the local pH and therefore, the system performs well in a wide pH range [89]. 
However, it was also found that in the presence of a strong buffer, the system only works in 
neutral and alkaline conditions [120]. Therefore, the efficiency of electrochemical CaP 
precipitation in acidified wastewater needs to be investigated. 
Another way of influencing product and byproduct formation is to choose a suitable current 
density. Lei et al. reported that the removal extent of associated ions in the electrochemical 
wastewater treatment process could be adjusted by the applied current density [32]. Therefore, 
in this study, we combined acidification with current density optimization, to determine how 
to increase the relative abundance of CaP in recovered products and the amount of P in the 
product, and in particular, to understand the ions interaction mechanisms in the 
electrochemical system. While the previous study indicated that Ca, Mg, P and bicarbonate 
ions were simultaneously removed during electrochemical phosphorus recovery [32], it is not 
completely clear how these ions interact with each other. For example, theoretically, Mg2+ 
can precipitate with phosphate, carbonate and hydroxide ions. Mg2+ can even together 
precipitate with Ca2+ and carbonate, forming dolomite (CaMg(CO3)2).  
The objective of this study is to understand the formation mechanisms of product and 
byproducts and to present with a solution to reduce the formation of byproducts in 
electrochemical phosphate recovery from domestic wastewater. Insights in this study could 
be applied in further optimization of electrochemical P recovery.  
4.2. Materials and methods 
4.2.1 Materials 
The wastewater was untreated influent collected from the local WWTP (Leeuwarden, The 
Netherlands). After sampling, the wastewater was sieved with a 250 µm sieve to remove 
suspended solids and stored in 4 oC fridge to maintain the wastewater composition. The main 
composition of the wastewater is shown in Table S4.1. The acid (HNO3, reagent grade) used 
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for acidification was purchased from VWR Chemicals (France). The electrodes were 
provided by Magneto Special Anodes BV (Schiedam, The Netherlands). 
4.2.2 Experimental setup 
The electrochemical reactor was made of a transparent glass cell (1000 mL). The electrodes 
were placed horizontally where the cathode was positioned below the anode at a distance of 
30 mm. The wastewater in the reactor was mixed with a peristaltic pump (60 mL/min). The 
anode was platinum-coated (20 g/m2) titanium (Ø 80 mm, thickness 1 mm). The cathode was 
a square titanium plate (36 cm2, thickness 1 mm, grade A). The anode and cathode were 
perpendicularly welded with a Pt-coated Ti rod (Ø 30 mm, length 120 mm) and pure Ti rod, 
respectively. The rods were connected to a power supply (ES 015-10, Delta Electronics, The 
Netherlands) so that electrical current was applied.  
4.2.3 Batch experiments 
We prepared 1000 mL of the sampled wastewater with a volumetric flask and used nitric acid 
(1.0 mol/L) to acidify the wastewater from its initial pH value (7.5) to pH 6.5, pH 6.0, pH 
5.5, pH 5.0, pH 4.5 and pH 3.8. After acidification, the wastewater was transferred to the 
reactor. The electrochemical treatment was then performed under constant current (30 mA, 
8.3A/m2) for 24 h at room temperature (23±1 oC). Furthermore, we also conducted tests with 
lower current (5 mA, 1.4A/m2) and higher current (100 mA, 27.8 A/m2) to identify the effects 
of current density on ions removal efficiency and product purity. Typically, samples were 
taken before (0 h) and after (24 h) batch experiments. We used a daily-calibrated pH meter 
(Metter Toledo, Switzerland) to measure the wastewater pH. Unless specified, all 
experiments were performed in triplicate, and the data are shown as the mean with standard 
deviation. 
4.2.4 Precipitates collection 
At the end of batch experiments, the precipitates on the cathode were dried at room 
temperature for 24 h. After drying, the solids were collected by light scraping as not to destroy 
the structure of the precipitates. After harvesting, the cathode was cleaned by first soaking 
into acidic solution (1.0 mol/L HNO3) and then rinsing with deionized water. 
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4.2.5 Analytical methods 
We applied inductively coupled plasma atomic emission spectrometry (ICP-AES, Optima 
5300 DV, PerkinElmer) to quantify the concentration of Ca, P, and Mg before and after 
treatment. The detection limits for Ca, P and Mg are 50, 20 and 1 μg/L, respectively. We 
measured anions (chloride, phosphate and sulfate) and cations (ammonium and sodium ions) 
by ion chromatography (Compact IC 761, Metrohm), equipped a Metrohm Metrosep A Supp 
4/5 Guard pre-column, a Metrohm Metrosep A Supp 5 (150/4.0 mm) column, and a 
conductivity detector. All samples were filtrated through 0.45 µm filter before the analysis. 
We checked the concentration of inorganic carbon by a TOC analyzer (Shimadzu). We 
quantified the structure of collected precipitates by X-ray Powder Diffraction (XRD) that 
equipped with Bruker D8 advanced diffractometer with a copper Kα radiation (λ = 0.154 nm) 
at the range of 10-70o in 0.02 step sizes with 0.5 s integration time. 
4.2.6 Calculation 
The fraction of species in response to the acidification was calculated by Visual Minteq 
(available at https://vminteq.lwr.kth.se/). The number of moles (M) of theoretically produced 
H+ and OH− by water electrolysis was calculated based on Faraday’s law, using eq 4.1 [89]: M = It
zF
                         (4.1) 
Where I is the electrical current (A); t is the electrolysis time (s); z is the number of transferred 
electrons in the reaction for the formation of per mol H+ or OH− (z = 1), F is Faraday constant 
96,485 (C/mol). 
In this study, we found that amorphous calcium phosphate (ACP), calcite (CaCO3) and 
brucite (Mg(OH)2) were formed as precipitates. The molecular weight of calcite and brucite 
are 100 and 58.3 g/mol, respectively. For ACP, it is widely accepted that ACP has a Ca/P 
molar ratio 1.5 and Ca3(PO4)2·nH2O is the typically applied formula [35]. For easy 
calculation, we defined the formula as Ca3(PO4)2;  310 g/mol. The amount of precipitated 
ACP (g) can be calculated by eq 4.2: m(ACP) = 310 g
mol
∗
1
2
M(P)                             (4.2) 
Where M(P) is the removed amount of P in mol. Similarly, the mass of calcite and brucite 
can be calculated as follows (eq 4.3 and eq 4.4): 
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m(Calcite) = 100 g
mol
∗ (M(Ca) − 1.5M(P))  (4.3) 
m(Brucite) = 58.3 g
mol
∗ M(Mg)                               (4.4) 
The relative abundance (RA) of ACP can be calculated by eq 4.5:  RA (%) = m(ACP)
m(ACP) + m(Calcite) + m(Brucite) * 100   (4.5) 
It should be noted here that the co-precipitation of organic contents was not taken into 
consideration. 
4.3. Results and discussion 
4.3.1 Effects of acidification.  
The acidification significantly affects the distribution of species in the wastewater, as shown 
in Figure S4.1. Without acidification, P mainly is present as HPO42− (55%), H2PO4− (18%), 
aqueous CaHPO4 (14%) and MgHPO4 (8%). The fraction of H2PO4− increases to 84% 
whereas the fraction of HPO42− drops to 8% at pH 6.0. At pH 3.8, 94% of the P is in the form 
of H2PO4−. While the acidification also affects the fractions of both Ca and Mg, the influence 
is relatively small. Both Ca and Mg are dominantly present (> 87%) as free ions, regardless 
of the acidification. Regarding inorganic carbon, the calculation of species fraction indicates 
that the dominant species changes from bicarbonate (92% at pH 7.5) to aqueous H2CO3 (66% 
at pH 6.0). At pH < 5.0, more than 95% of the inorganic carbon is in the form of H2CO3. 
More importantly, the acidification significantly reduces the available inorganic carbon in 
the wastewater (Figure 4.1A).  
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Figure 4.1. (A) Change of wastewater pH and inorganic carbon concentration before and 
after electrochemical treatment, (B) Variation of ions removal percentage in response to the 
acidification, (C) XRD spectrum of solids harvested at pH 3.8, 5.5 and 7.5. Conditions: 30 
mA (8.3 A/m2), electrolysis time = 24 h; anode: Pt coated Ti; cathode: Ti (36 cm2); electrode 
distance = 3 cm. 
Despite these changes, we did not observe a noticeable increase in P removal (Figure 4.1B). 
In the pH range of 7.5 to 3.8, P removal efficiency varied from a maximum of 55% to a 
minimum of 49%. Overall, the removal efficiency of P was not much affected by the 
acidification. This is consistent with our previous finding that electrochemical P recovery 
process works comparable in acidic, neutral and basic solutions [89]. 
The Ca removal efficiency decreased significantly with the acidification. For example, at pH 
7.5, 42% of Ca was removed from the wastewater in 24 h. However, this value dropped 
drastically to 19% at pH 3.8. As the removal of P was relatively stable around 50%, the 
decrease in Ca removal could only be explained by the reduced CaCO3 formation because of 
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the acidification. In contrast to Ca, the removal of Mg was not affected by the acidification. 
Regardless of pH (7.5 to 3.8), the Mg removal efficiency was around 32 ± 1%. Such trend 
indicates the removal of Mg is not connected with (bi)carbonate, which means there is 
probably no MgCO3 and dolomite formation in our system. Otherwise, the removal of Mg 
would decrease as it does for Ca. Therefore, the most obvious way for Mg removal is 
Mg(OH)2 formation and precipitation. Indeed, the high local pH and the electromigration of 
Mg2+ (positively charged) to the cathode (negatively charged) favors the formation of brucite 
(Mg(OH)2).  
Analysis of the solid precipitates with XRD confirmed two crystalline phases: calcite (CaCO3) 
and brucite (Mg(OH)2) (Figure 4.1C). This indeed supports our assumption that calcite and 
brucite are the primary byproducts being formed in the electrochemical P recovery process. 
However, we did not find any patterns for crystalline CaP because the removed P and Ca 
form ACP instead of crystalline CaP on the cathode surface. Also, when comparing the XRD 
spectrum of solids collected after acidification (Figure 4.1C), we can conclude that the 
acidification does not affect the crystalline phases in the precipitates. Regardless of the bulk 
pH, the spectrum matches well with patterns of calcite and brucite. In light of these results, a 
detailed ions interaction mechanism was proposed in Figure 4.2.  
 
Figure 4.2. Proposed ions interaction mechanism in electrochemical phosphorus recovery 
from domestic wastewater. 
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Initially, the production of hydroxide ions at the cathode drives the deprotonation of 
phosphate and bicarbonate. In the meantime, due to mass diffusion and electromigration, 
Ca2+ and Mg2+ were enriched close to the cathode. Due to thermodynamic and kinetic reasons 
[32], Ca precipitates with phosphate as ACP (eq 4.6). As the Ca/P molar ratio in the 
wastewater (8.5) is way higher than the required ratio (1.5), the extra Ca forms calcite with 
carbonate in the local region (eq 4.7). Mg exclusively precipitates with hydroxide ions as 
brucite (eq 4.8). 
3Ca2+ + 2PO43− → Ca3(PO4)2                   (4.6) 
Ca2+ + CO32− → CaCO3                             (4.7) 
Mg2+ + 2OH− → Mg(OH)2                         (4.8) 
In terms of P recovery, the formation of calcite and brucite will reduce the P content of 
recovered product from the point of the RA of CaP in the collected solids. We evaluated the 
product’s P content by calculating the Ca/P molar ratio and the RA of ACP in the solids. As 
can be seen from Figure S4.2, the removed Ca/P molar ratio decreased from 6.7 to 3.2 when 
the wastewater was acidified from pH 7.5 to 3.8. The typical atomic Ca/P ratio for pure CaP 
species lies in the range of 1.0 to 1.67 [35]. Clearly, even at pH 3.8, the Ca/P ratio (3.2) is 
still much higher than the theoretical ratio (1.5), which indicates CaCO3 is still present in the 
precipitates. This is supported by the XRD spectrum, where consistent calcite patterns were 
seen for pH 3.8 and 7.5 (Figure 4.1C). 
The calculation of RA (Figure 4.3) suggests that the RA of calcite in the precipitates 
decreased from 66% (pH 7.5) to 38% (pH 3.8). This is due to the decreased CaCO3 formation 
with acidification. Accordingly, the RA of brucite was doubled from 14% at pH 7.5 to 28% 
at pH 3.8, although the removal efficiency of Mg was very stable (Figure 4.1A). Similarly, 
the RA of ACP was enhanced from 20% at pH 7.5 to 34% at pH 3.8. 
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Figure 4.3. Relative abundance of amorphous calcium phosphate (ACP), calcite and brucite 
in the collected precipitates in response to the acidification. Conditions: 30 mA (8.3 A/m2), 
electrolysis time = 24 h; anode: Pt coated Ti; cathode: Ti (36 cm2); electrode distance = 3 cm. 
4.3.2 Final bulk solution pH 
Figure S4.3 shows the change of pH of wastewater after electrochemical treatment as a 
function of acidification. When the initial pH of the wastewater was acidified below 6.0, the 
wastewater pH decreased after treatment. For example, at pH 5.0, the bulk pH decreased to 
3.2 after 24 h treatment. However, when the initial pH of the wastewater was higher than 6.0, 
the bulk pH increased. For instance, at pH 6.5, the bulk pH increased to 7.5 after treatment. 
The difference is likely caused by the decrease of inorganic carbon concentration (Figure 
4.1A) and the change of inorganic carbon species (Figure S4.1) resulting from the 
acidification. 
The increase of pH means the accumulation of OH− in the bulk solution, whereas the decrease 
of pH means the accumulation of H+. The change of pH is a result of a series of reactions, 
which produce or consume H+ and OH− ions. In the electrochemical system, H+ and OH− are 
produced equally at the anode (eq 4.9) and the cathode (eq 4.10), respectively. The 
recombination of H+ with OH− (eq 4.11) will consume an equal amount of each ion and 
therefore this reaction will not result in the change of pH. However, in our system, there are 
other reactions will affect the concentration of H+ and OH−. While for H+, the only 
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consumption pathway is its reaction with bicarbonate and phosphate, OH− can be consumed 
by Mg2+ (forming Mg(OH)2) and all the buffers in the wastewater including, e.g. NH4+, 
H2PO4−/HPO42− and HCO3−/H2CO3. 
Anode: 2H2O → 4H+ + O2↑ + 4e−                    (4.9) 
Cathode: 4H2O + 4e− → 4OH− + 2H2↑              (4.10) 
H+ + OH− → H2O                                                (4.11) 
However, because the concentration of inorganic carbon (11.5 mM) in the raw wastewater is 
much higher than the other species, the depletion of uncombined OH− and H+ should be 
mostly done by inorganic carbon via eq 4.12 and eq 4.13. 
HCO3− + OH− → H2O + CO32−                           (4.12) 
HCO3− + H+ → H2CO3                                         (4.13) 
As such, both the concentration of H+ and OH− are mostly influenced by bicarbonate. To 
buffer the produced H+ and OH−, HCO3− in the bulk solution needs to be close to the anode 
and cathode, respectively. In this content, the diffusion of HCO3− to the electrodes plays an 
important role. In principle, electromigration of HCO3− (anion) to the anode (positively 
charged) is more favorable than to the cathode (negatively charged). Also, the reaction rate 
constant of eq 4.12 (6 × 109 kg mol−1 s−1) is lower than eq 4.13 (4.7 × 1010 kg mol−1 s−1) [121]. 
As a result, H+ is depleted faster than OH− by HCO3−.  
Theoretically, 2.7 × 10−2 mol H+ and the same amount of OH− are produced in 24 h 
electrolysis at 30 mA. Though this is higher than the inorganic carbon (1.15 × 10−2 mol) in 
the wastewater, the recombination of H+ with OH− (eq 4.11) which is one of the fastest 
reactions known in aqueous solution (rate constant 1.4 × 1011 kg mol−1 s−1) [121], should 
consume a large proportion of the produced H+ and OH−. Therefore, in practice, the required 
inorganic carbon to buffer the uncombined H+ and OH− is much lower than the theoretical 
produced H+ and OH− from water electrolysis. Figure S4.3 shows the turning point of pH is 
pH 6.0 where the initial concentration of inorganic carbon is 5.3 ± 0.3 mM. In light of the 
turning point, we concluded that inorganic carbon of 5.3 ± 0.3 mM is able to buffer the 
uncombined H+ and OH− at 30 mA. However, at a pH lower than 6.0, the concentration of 
inorganic carbon after acidification is not enough to buffer uncombined H+ and OH−. 
Moreover, most of the inorganic carbon (> 66%) is present as aqueous H2CO3 at pH < 6.0 
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(See Figure S4.1). Unlike HCO3−, H2CO3 is only able to deplete OH− (eq 4.6). Furthermore, 
OH− will also be consumed by Mg2+ and NH4+. As a result, H+ will be accumulated in the 
bulk solution, resulting in a decrease of bulk solution pH. 
4.3.3 Combined effects of acidification and current density 
As discussed, with acidification, the highest ACP abundance in the precipitates is 36% 
(Figure 4.3), which is still low. The current density plays a vital role in the performance of 
our electrochemical system. We, therefore, performed the electrochemical P recovery with 
three different current densities, including low (1.4 A/m2), medium (8.3 A/m2) and high (27.8 
A/m2) current densities, to see how the ions behaved when the current density was changed. 
 
Figure 4.4. The line graphs (left side) show the variation of Mg, Ca and P removal 
percentages in response to the acidification at different current densities. The column graphs 
(right side) show the relative abundance of ACP, calcite, and brucite in the solids under 
electrochemical treatment at 5 mA (1.4 A/m2) and 100 mA (27.8 A/m2). Conditions: 
electrolysis time = 24 h; anode: Pt coated Ti; cathode: Ti (36 cm2); electrode distance = 3 cm. 
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Figure 4.4 clearly shows that the removal percentage of P at 1.4 A/m2 is considerably lower 
than at 8.3 A/m2 and indeed at 27.8 A/m2. At 1.4 A/m2, the P removal efficiency lies in the 
range of 27% to 37% in 24 h. At 8.3 A/m2, the average removal efficiency increases to 53 ± 
2%. However, the further increase of current density to 27.8 A/m2 does not give a noticeable 
increase of P removal, especially at pH < 6.0, which indicates that the current density is not 
the limiting factor here. The most likely limiting factor is the diffusion of phosphate toward 
the cathode, either because a layer has built up at the cathode or because the P concentration 
is too low in solution after being removed by some extent. 
The removal of Ca shows a similar trend for all current densities namely that the removal 
efficiencies decrease with the acidification. This is explained previously as the concentration 
of inorganic carbon decreases with the acidification (Figure 4.1A). However, with the same 
degree of acidification, the removal of Ca increases with the increase of current density. This 
is mostly due to the increased CaCO3 formation instead of ACP, which can be justified by 
the removal of Ca and P under pH < 6.0 with different current density. While there was no 
noticeable increase for P removal when the current density was increased from 8.3 to 27.8 
A/m2 at pH < 6.0, the Ca removal efficiency still increased by 11 to 20%. 
As explained in the case of 8.3 A/m2, the removal of Mg is not much affected by the 
acidification. Consistently, this is also seen at the low and high current densities. In contrast 
to the acidification, the change of current density shows a significant effect on the removal 
of Mg, as shown in Figure 4.4. At 1.4 A/m2, less than 5% of Mg was removed. The removal 
efficiency jumped to 32% at 8.3 A/m2 and further to 70% at 27.8 A/m2. The similar removal 
trend of Mg as a function of current density was also reported by Zeppenfeld [118]. The 
increased removal of Mg is due to the enhanced Mg(OH)2 formation and precipitation, which 
can be explained by the increased availability of both OH− and Mg2+ in the vicinity of the 
cathode. Firstly, the production of OH− depends on the current density and therefore, with 
higher current density, the local concentration of OH− will be higher [41]. Secondly, as a 
positive ion, the transfer of Mg2+ to the cathode should be enhanced with increasing current 
density. 
The variation of current density affects not only the removal of Ca and P, but also Mg. Hence, 
it is possible to improve the purity of the CaP product by combining wastewater acidification 
and adjusting the current density. As shown in Figure S4.2, through the combined influence 
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of acidification and a decrease in current density, the Ca/P molar ratio decreases from 9.1 to 
1.8. Consistently, the RA of ACP increases to 75% at pH 3.8 with a current density of 1.4 
A/m2 (Figure 4.4). From the perspective of purity and energy consumption, high current 
density is not recommended. Due to the complex wastewater compositions, with increased 
current density, a higher percentage of CaCO3 and Mg(OH)2 is produced in the precipitates. 
Indeed, we see from Figure 4.4 that at 100 mA (27.8 A/m2), the increase of ACP abundance 
is low in response to the acidification. The lowest Ca/P ratio is 5.3 and the highest RA of 
ACP is just 19% at 27.8 A/m2. However, at 1.4 A/m2, the increase of ACP abundance is 
apparent. Based on these results, we can conclude that the best strategy to form the targeted 
product (ACP) is with relatively low current density (1.4 A/m2) and at low pH (3.8). 
4.3.4 Effects of current density on final solution pH 
As discussed, the final pH of the bulk solution is determined by the concentration of inorganic 
carbon in the bulk solution. As shown in Figure 4.5, the applied current density also has a 
strong effect on the pH of treated wastewater. 
 
Figure 4.5. Change of wastewater pH in response to different current densities. Overall, high 
current density results in a low final pH after treatment. Conditions: electrolysis time = 24 h; 
anode: Pt coated Ti; cathode: Ti (36 cm2); electrode distance = 3 cm. 
Overall, the final pH of the wastewater treated at higher current density is lower than treated 
at lower current density. For example, at pH 5.5, the end pH increased to 7.2 at 1.4 A/m2, but 
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for 27.8 A/m2, the final pH dropped to 2.8. The big difference is probably caused by the 
variation of H+ and OH− production. At low current density, the production of H+ in 24 h is 
relatively low (4.5 × 10−3 mol), the theoretical required inorganic carbon to buffer the 
uncombined H+ should be lower as well, in comparison to a higher current density. The 
concentration of inorganic carbon in the wastewater, even after acidification, may be high 
enough to buffer the uncombined H+. As a result, OH− accumulates in the bulk solution. 
Indeed, at 1.4 A/m2, the final pH after electrochemical treatment is higher than its initial pH 
(Figure 4.5), except at pH 3.8 where the final pH is 3.6. By contrast, at high current density, 
the formation of H+ is high (9.0 × 10−2 mol). Therefore, more inorganic carbon is needed to 
buffer the H+ that is present. However, with acidification, the availability of inorganic carbon 
was decreased. This explains the decrease of pH after treatment at 27.8 A/m2 at pH < 6.0 
(Figure 4.5). 
4.3.5 Importance of continuous current supply 
Consistently, the results here suggest that the electrochemical system works comparable well 
in acidic conditions, which is in line with our previous finding that electrochemically induced 
phosphate precipitation depends on the local high pH. However, at low pH (i.e., pH 3.8), the 
dissolution of solids may coincide with the precipitation process. The film of precipitates on 
the surface of the cathode, on the one hand, is in contact with the cathode surface (high pH), 
while on the other side, it faces the bulk solution. This allows the dissolution of precipitates 
that face the bulk solution with a low pH. To check this, we performed simple control tests, 
which first let the electrochemical system run at 8.3 A/m2 for 24 h and subsequently at 0 
A/m2 for 48 h. The result is summarized in Figure 4.6.  
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Figure 4.6. Behavior of precipitates after turning off the current supply at (A) pH 7.5 and (B) 
pH 4.5. The change of ions concentration suggests that precipitates dissolve in low pH. 
Conditions: initial 24 h in closed circuit (8.3A/m2), followed by 48 h in open circuit (0 A/m2). 
Initially, with an applied current density of 8.3 A/m2 at both pH 4.5 and 7.5, the concentration 
of P, Ca and Mg decreased at almost the same degree. However, after turning off the current, 
at pH 7.5, the concentrations of Ca and P ions in the bulk solution did not change, while the 
concentration of Mg2+ increased from 14.2 to 19.8 mg/L after 48 h in open circuit. Differently, 
in the case of pH 4.5, the concentrations of Ca, P and Mg increased to their initial values after 
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48 h treatment in open circuit. This means that the precipitated solids were dissolved, backing 
into the bulk solution. The different behavior of precipitates suggests that the dissolution and 
precipitation may co-occur at acidic pH. This may also explain the relatively low removal of 
Mg2+ and P at low pH in comparison to the high pH (Figure 4.4). 
4.4. Conclusions 
We investigated the fate of Ca, Mg, P and inorganic carbon in electrochemical phosphate 
recovery from domestic wastewater. We found that phosphate was removed as ACP with Ca. 
For Ca, although both ACP and calcite result in its removal, its removal is dominated by the 
later species. Mg was removed mostly as brucite. In view of the precipitation mechanisms, 
the formation of calcite and brucite can be reduced by acidification and adjusting the current 
density, as they affected the concentration of inorganic carbon and the availability of 
hydroxide ions. We achieved the highest ACP abundance (75%) when the wastewater was 
acidified to pH 3.8 and treated at 1.4 A/m2. However, in real applications, the acidification 
of wastewater by acid dosing is considered unrealistic because of the massive volume of 
wastewater and the need of post-treatment to increase wastewater pH after treatment. The 
most promising way to reduce inorganic carbon seems to rely on the local low pH near the 
anode. In a typical electrochemical system, local high and low pH can be achieved at the 
cathode and the anode, respectively. Ideally, on the one hand, we use the local low pH in the 
vicinity of the anode to get rid of bicarbonate and on the other hand, we use the local high 
pH to induce calcium phosphate precipitation. Through this kind of acidification, we may be 
able to eliminate the adverse effect of inorganic carbon without dosing external acid. 
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Supporting information 
 
 
Figure S4.1. Species fraction of Ca, P, Mg and inorganic carbon at pH 3.8, pH 5.0, pH 6.0 
and pH 7.5, calculated with Visual Minteq. Input was based on the wastewater composition 
after acidification (see Table S4.1). 
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Figure S4.2. Calculated Ca/P molar ratio in the collected precipitates. 
 
 
Figure S4.3. Initial and end pH of the wastewater after electrochemical treatment. Conditions: 
30 mA (8.3 A/m2), electrolysis time = 24 h; anode: Pt coated Ti; cathode: Ti (36 cm2); 
electrode distance = 3 cm. 
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Table S4.1. Main compositions of the raw wastewater (influent) in WWTP Leeuwarden, the 
Netherlands. 
parameter value standard dev. unit 
inorganic carbon 138 8.1 mg/L 
Ca2+ 81.2 4.9 mg/L 
 Mg2+ 19.4 2.0 mg/L 
P-PO43- 7.5 0.4 mg/L 
NH4+ 58.9 1.3 mg/L 
K+ 21.1 0.2 mg/L 
Na+ 253 5.2 mg/L 
SO42- 26.2 0.6 mg/L 
Cl- 223 9.9 mg/L 
pH 7.5 0.2 N/A 
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Abstract 
Electrochemical wastewater treatment can induce calcium phosphate precipitation on the 
cathode surface. This provides a simple yet efficient way for extracting phosphorus from 
municipal wastewater without dosing chemicals. However, the precipitation of amorphous 
calcium phosphate (ACP) is accompanied by the precipitation of calcite (CaCO3) and brucite 
(Mg(OH)2). To increase the content of ACP in the products, it is essential to understand the 
precipitation sequence of ACP, calcite and brucite in electrochemical wastewater treatment. 
Given the fact that calcium phosphate (i.e., hydroxyapatite) has the lowest thermodynamic 
solubility product and highest saturation index in the wastewater, it has the potential to 
precipitate first. However, this is not observed in electrochemical phosphate recovery from 
raw wastewater, which is probably because of the very high Ca/P molar ratio (7.5) and high 
bicarbonate concentration in the wastewater resulting in the formation of calcite. In the case 
of decreased Ca/P molar ratio (1.77) by spiking external phosphate, most of the removed Ca 
in the wastewater was used for ACP formation instead of calcite. The formation of brucite, 
however, was only affected when the current density was decreased or the size of the  cathode 
was changed. Overall, the removal of Ca and Mg is much more affected by current density 
than the surface area of the cathode, whereas for P removal, the reverse is true. Because of 
these dependencies, though there is no definite precipitation sequence among ACP, calcite 
and brucite, it is still possible to influence the precipitation degree of these species by 
relatively low current density and high surface area or by targeting phosphorus-rich 
wastewaters.  
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5.1 Introduction  
Municipal wastewater is a significant source of contaminants but can be an important source 
of nutrients as well, i.e., phosphorus (P) [46, 47, 113]. P often is considered to be the principal 
stimulant of eutrophication. However, it is also a limited and essential resource [10]. To 
bridge the gap of P being abundant as a pollutant and scare as a resource, it is suggested to 
remove and reuse P from wastewater [7, 10].  
Phosphate can be removed from the wastewater by precipitation as useful P products, such 
as struvite (MgNH4PO4·6H2O) and calcium phosphate [23, 29, 33, 54]. The most stable phase 
of calcium phosphate is hydroxyapatite (Ca5(PO4)3OH, HAP), which owns the highest atomic 
Ca/P ratio (1.67) [35]. The typical Ca concentration in domestic wastewater is 20−120 mg/L 
[122], whereas the P-PO4 concentration varies from less than 1.0 mg/L (effluent) to 10 mg/L 
(influent). The P concentration in the downstream wastewater from an anaerobic digestion 
system can be even higher [123]. In most cases, the aqueous Ca concentration is high enough 
to precipitate the coexisting phosphate in the wastewater. 
However, to achieve efficient precipitation, the wastewater pH needs to be raised above 10 
[89, 124]. The most simple way of increasing wastewater pH is by adding sodium hydroxide 
[28, 65]. However, this method has some drawbacks. First, the products achieved by 
conventional chemical precipitation have poor settle ability. Moreover, after precipitation the 
pH of the wastewater needs to be reduced by dosing acid, as the typical pH (>10) required 
for chemical precipitation is higher than the discharge standard (6 < pH < 9). 
Electrochemical induced calcium phosphate precipitation opens a door for avoiding such 
problems. In electrochemical systems, a local high pH near cathode can be achieved by water 
electrolysis [89, 106, 125], as shown in eq 5.1: 
Cathode: 4H2O + 4e− → 4OH− + 2H2↑                                (5.1) 
The formation of OH− ions will create pH gradients between the cathode and the bulk solution. 
While the pH gradients are not wanted in most electrochemical systems [106], in terms of 
calcium phosphate precipitation, the high local pH can be very useful. As is well-known, the 
solution pH plays a crucial role in the precipitation of calcium phosphate [23, 36]. Moreover, 
the solubility of calcium phosphate minerals is pH dependent and a high pH usually means 
high thermodynamic driving force for calcium phosphate precipitation [36]. 
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Anode: 2H2O → 4H+ + O2↑ + 4e−                                   (5.2) 
In the electrochemical system, although the local pH is increased, the change of pH in the 
bulk solution is small. This is because an equal number of H+ and OH− are produced at the 
anode and cathode, respectively (eq 5.1 and eq 5.2). Moreover, the presence of buffers such 
as inorganic carbon in wastewater may contribute to a stable bulk solution pH [119]. Hence, 
a post reduction of pH of the bulk solution is not needed. Furthermore, as the precipitation 
only takes place in the vicinity of the cathode and the formed precipitates can easily be 
collected from the cathode [89], a post-separation of precipitates from the bulk solution is 
avoided as well. Therefore, in principle, P can be removed and separated simultaneously from 
the wastewater without dosing chemicals in the electrochemical system.  
Proof of principle of electrochemically induced phosphate precipitation has been 
demonstrated by using well-defined solutions for both struvite [64] and calcium phosphate 
[89]. Our previous study indicated that P could precipitate as calcium phosphate on the 
cathode in a wide pH range, even under acidic conditions (i.e., pH 4.0) [89]. The effects of 
essential operation conditions and water matrices on this process were studied as well [119, 
120]. It was found that the presence of natural organic matter is beneficial to the removal of 
P [120]. However, the efficiency of this system in raw wastewater is not fully addressed yet.  
Given the complexity of wastewater composition, it is more likely that other species than 
calcium phosphate will precipitate. To reduce the formation of unwanted species, we need to 
understand the precipitation mechanism, not only of calcium phosphate but also of associated 
byproducts. Particularly, the relative precipitation tendency among products and byproducts 
is of great importance. If such precipitation sequence exists, we may be able to selectively 
precipitate P. In case of simultaneous precipitation and the absence of a precipitation 
sequence, pretreatment may be needed.  
The objective of this study is to evaluate the performance of electrochemical P removal and 
recovery in raw wastewater. Specifically, we focus on understanding the precipitation 
sequence of all possible solids that may precipitate in the wastewater, which can be important 
in preventing or reducing the formation of unwanted byproducts and recovering P as useful 
products. 
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5.2 Materials and methods 
5.2.1 Materials 
The anode was a Pt-coated Ti disc (Ø 80 mm, thickness 1 mm). A square Ti plate with sizes 
of 6 × 6 cm, 4 × 4 cm and 2 × 2 cm was used as the cathode. The anode and the cathode were 
perpendicularly welded to a Pt-coated Ti rod and pure Ti rod (Ø 3 mm, length 120 mm), 
respectively. Both electrodes were acquired from MAGNETO Special Anodes BV 
(Schiedam, The Netherlands). 
5.2.2 Wastewater sampling and processing. 
Raw domestic wastewater was collected from the influent of a local wastewater treatment 
plant (Leeuwarden, The Netherlands). After sampling, all the wastewater was physically 
filtered through a combined sieve filter (325 µm) and stored at 4°C in a fridge. 
5.2.3 Wastewater electrolysis 
We conducted all experiments in an undivided glass type electrochemical cell with a volume 
of 1.0 L. The electrodes were horizontally located, with the anode at the top and the cathode 
at the bottom of the cell. The distance between electrodes was 30 mm. Unless specified 
otherwise, the electrolysis current density was held constant at 8.3 A/m2 using a power supply 
(ES 015-10, Delta Electronika, The Netherlands). After each test, the cathode was removed 
and dried in air at room temperature for 1 day. The next day, the precipitates on the electrode 
surface were collected by light scraping and then the cathode was cleaned by immersion into 
acidic solution (1.0 M HNO3) for another day. After acid washing, the cathode was rinsed 
with deionized water. The anode was also cleaned by acid weekly.  
5.2.4 Analytical methods 
We measured the concentration of cations (Na+, NH4+) and anions (SO42−, Cl−, NO3−) using 
ion chromatography (Compact IC 761, Metrohm). We quantified concentrations of Ca, Mg, 
K and P by ICP-AES. We accessed the inorganic carbon and total organic carbon (TOC) 
concentration by a TOC analyzer (Shimadzu). Given that 98% of the inorganic carbon was 
present as bicarbonate at pH 8.0 (see Figure S5.1), the initial concentration of bicarbonate 
was expressed as inorganic carbon concentration. We analyzed the wastewater pH was by a 
daily calibrated pH meter (Metter Toledo). We characterized the morphologies of precipitates 
and the corresponding element composition by scanning electron microscopy (SEM, JEOL-
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6480LV) combined with energy dispersive spectroscopy (EDS, Oxford Instruments). The 
samples for SEM-EDS analysis were coated with gold and detected using carbon film as the 
background. Because of this, the carbon and gold contents were excluded from the element 
composition. We examined the solid phases of precipitates by X-ray diffraction (XRD, 
Bruker). We performed the phase quantification of solid species in the precipitates by using 
HighScore Plus program. 
5.2.5 Calculations 
We used Visual MINTEQ 3.1 (available at https://vminteq.lwr.kth.se/download/) and Hydra-
Medusa (available at https://www.kth.se/che/medusa/) to calculate the supersaturation index 
(SI) of potential precipitates and the fractions of Ca, Mg, P and N in the wastewater versus 
pH, respectively. The SI is defined as eq 5.3: SI = log (IAP
𝐾𝐾sp
)                                                                 (5.3) 
Where IAP and Ksp refer to the ion activity of the associated lattice ions and the 
thermodynamic solubility product, respectively.  
5.3 Results and discussion 
5.3.1 Thermodynamic insights 
We previously confirmed that the electrochemically induced calcium phosphate precipitation 
was due to the high pH near the cathode surface [89]. While the local pH was not recorded, 
we assumed the local pH near the cathode could range from the bulk solution pH 8.0 to as 
high as 12.0. Such a high local pH was recorded in a biofilm by using a micro pH sensor 
[125]. Based on the wastewater composition (Table S5.1), at least 16 precipitates including 
calcium phosphate, magnesium precipitates, and carbonate precipitates may form and 
precipitate from the wastewater in response to high local pH, as indicated by the SI of these 
species (Table 5.1).  
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Table 5.1. Supersaturation index (SI) of potential precipitates in the raw wastewater in 
response to different bulk solution pH of 8, 9, 10, 11 and 12 a 
Mineral Formula pH 8 pH 9 pH 10 pH 11 pH 12 
ACC  CaCO3·xH2O 0.3 0.6 1.0 1.0 1.0 
vaterite CaCO3 0.5 1.3 1.7 1.8 1.8 
aragonite CaCO3 0.9 1.8 2.2 2.2 2.2 
calcite CaCO3 1.1 1.9 2.3 2.4 2.4 
ACP (am 1) Ca3(PO4)2 −0.7 0.9 1.3 1.4 1.4 
ACP (am 2) Ca3(PO4)2 2.1 3.6 4.1 4.2 4.2 
TCP Ca3(PO4)2 2.9 4.4 4.8 4.9 4.9 
OCP Ca4H(PO4)3·3H2O 2.3 3.6 3.4 2.7 1.7 
hydroxyapatite Ca5(PO4)3 (OH) 11.7 14.9 16.4 17.4 18.4 
brucite Mg(OH)2 −4.4 −2.5 −0.7 1.1 2.9 
artinite Mg2(OH)2CO3·3H2O −4.6 −1.7 0.6 2.5 4.1 
magnesite MgCO3 −0.2 0.7 1.3 1.4 1.2 
hydromagnesite Mg5(CO3)(OH)2·4H2O −9.2 −3.6 0.3 2.5 3.4 
dolomite b CaMg(CO3)2 1.4 3.2 4.1 4.3 4.1 
dolomite c CaMg(CO3)2 2.0 3.8 4.7 4.9 4.6 
huntite Mg3Ca(CO3)4 −0.5 3.1 5.1 5.5 4.9 
a ACC: amorphous calcium carbonate; ACP: amorphous calcium phosphate; TCP: tricalcium 
phosphate; OCP: octacalcium phosphate; b: ordered; c: disordered. 
It should be noted that for the calculations of SI and ion fractions the organic contents were 
not considered. However, it is worth mentioning the formation of struvite is not favorable 
according to the thermodynamic calculations, as struvite is undersaturated (SI <0, Table 
S5.2). Therefore, P removal and recovery as struvite probably is not feasible in raw municipal 
wastewater without dosing external Mg and/or phosphate.  
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Among these possible precipitates, amorphous calcium phosphate (ACP), beta tricalcium 
phosphate, octacalcium phosphate, and HAP can contribute to the removal of P. The other 
precipitates including calcium carbonate, magnesium carbonate, brucite, and dolomite may 
form as byproducts but will not result in the direct removal of P. However, these potential 
precipitates may still contribute to the removal of P indirectly, either as adsorbents, 
coagulants or seeds.  
 
Figure 5.1. Fractions of Ca, P, Mg and N with respect to varied solution pH (4.0−12), 
calculated with using Hydra-Medusa software. Input was based on the main wastewater 
composition, [Ca2+] = 1.87 mM; [Mg2+] = 1.10 mM; [NH4+] = 3.06 mM; [K+] = 0.60 mM; 
[HPO42−] = 0.25 mM; [HCO3−] = 11.45 mM; [SO42−] = 0.31 mM; [Cl−] = 9.51 mM. 
For the ions that may be involved in the precipitates, the fraction of these ions was calculated 
with respect to solution pH (Figure 5.1). Overall, the fractions’ distribution suggests that 
struvite will not be formed. Nitrogen element is present either as NH4+ or as soluble NH3. 
Magnesium is present as free Mg2+, magnesium carbonate, dolomite, and brucite, with the 
last being formed when the pH is higher than 10. Similarly, Ca is present in both phosphate 
and carbonate salts. For P, the calculation indicates that P will precipitate as HAP completely 
when the solution pH is above 7.0. The Ca/P molar ratio in the wastewater is 7.5, which is 
much higher than the required ratio (1.67). This indicates that the Ca in the wastewater is 
Chapter 5
90
Chapter 5 
91 
 
high enough to precipitate with the P in the wastewater. However, it should be mentioned 
that the fraction calculations refer to thermodynamic equilibrium conditions of the potential 
species. Kinetically, the metastable intermediate phases (i.e., ACP) may form as well. To 
verify the theoretical calculations, batch experiments were performed. 
5.3.2 Proof of principles 
As can be seen from Figure 5.2A, there is no P removal/precipitation in open circuit in 24 h, 
though the solution is supersaturated for ACP (SIACP2 = 2.1) and HAP (SIHAP =11.7) at pH 
8.0. This indicates that the driving force for precipitation from the bulk solution is not able 
to induce phosphate precipitation (form nuclei) in the wastewater. This also applies to 
calcium carbonate and dolomite. Both are saturated in the wastewater but do not precipitate. 
However, in the closed circuit (8.3 A/m2), 46.5% P was removed from the wastewater in 24 
h, accompanied by the removal of inorganic carbon (24.3%), Ca (42.2%) and Mg (24.3%).  
In principle, both Mg and Ca can form precipitates with phosphate ions. However, the 
thermodynamic calculations suggest that Mg3(PO4)2 and MgHPO4·3H2O formation is not 
feasible in our system (SI < 0, Table S5.2). Therefore, the removal of Mg did not result in 
the removal of P. In our system, the only way for direct P removal is calcium phosphate 
formation and precipitation, either as amorphous phase or crystalline solids or a mixture of 
both. The removal of Mg relates to dolomite, huntite, magnesite and brucite, while the 
formation of the last one requires a pH higher than 10, according to the thermodynamic and 
fraction calculations (See Table S5.2 and Figure 5.1). Based on the precipitation pathway 
of Ca and Mg, the removal of inorganic carbon is due to calcium carbonate and magnesium 
carbonate formation. However, according to the mass balance calculation, the absolute 
amount of removed inorganic carbon (2.86 ± 0.15 mM) cannot be balanced by the removed 
Ca (0.83 ± 0.05 mM) and Mg (0.44 ± 0.01 mM). This suggests that the removal of inorganic 
carbon may result from other reactions. Indeed, inorganic carbon could also be removed by 
gas stripping in our system due to H2 and O2 production. Moreover, the local low pH (eq 5.2) 
near the anode might allow CO2 production (eq 5.4) which could also contribute to the 
removal of inorganic carbon [126]. 
HCO3− + H+ → H2O + CO2↑                                   (5.4) 
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Figure 5.2. (A) 
Electrochemical 
treatment results in the 
removal of not only Ca 
and P ions but also Mg2+ 
and inorganic carbon. 
XRD pattern of the 
collected precipitates (B) 
before and (C) after 
heating treatment at 600 ℃ 
for 1 h. Conditions: 
electrolysis time = 24 h; 
current density = 8.3 
A/m2; anode: Pt−Ti; 
cathode: Ti (36 cm2); 
electrode distance = 3 cm. 
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To further clarify the removal mechanism of Ca, Mg, P, and inorganic carbon, it is crucial to 
quantify the species in the precipitates. Therefore, the recovered products were subjected to 
XRD and SEM-EDS analysis.  
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Figure 5.3. SEM images 
indicate there are three 
types of morphology in the 
precipitates. Element 
analysis (EDS) reveals 
very different Ca, Mg and 
P distribution in these 
morphologies. The 
irregular rhombohedral 
shape (A) has the highest 
Ca but negligible P and 
Mg, whereas the lamella-
like shape (B) and the 
spherical shape (C) 
contain the highest Mg and 
P, respectively. Note the 
SEM image and the EDS 
mapping were performed 
at different voltage and 
spot size. 
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From SEM images, we find three types of morphologies. The irregular rhombohedral (Figure 
5.3A) shape is one of the typical morphologies for calcium carbonate [127, 128]. EDS 
analysis reveals the relative Ca content (%) in this type of morphology accounts for 34.7% 
whereas Mg and P only account for 5.3% and 0.6%, respectively. The lamella-like shapes 
(Figure 5.3B) are mostly seen for magnesium salts. Indeed, the associated EDS data 
highlights Mg as the second richest element (24.1%), followed by Ca (6.3%) and P (2.1%). 
The spherical shape (Figure 5.3C) is probably connected with ACP that we have seen in our 
previous study [89]. Again, this is supported by the relevant element distribution. The 
spherical shape consists of 30% Ca, 8.8% P, and negligible Mg (1.7%). The variation of 
element distributions in the three morphologies suggests the presence of different dominant 
species. The phases of the solids were further characterized by XRD. The XRD pattern of the 
precipitates matches with references for calcite and brucite (Figure 5.2B). However, we did 
not find any sharp peaks for HAP or any other crystalline calcium phosphate. The lack of 
definite calcium phosphate patterns may be because calcium and phosphate precipitated 
mainly as ACP which cannot be identified by XRD. Indeed, the broad peak around 30° can 
be an indication for ACP. The sample was therefore heated at 600 °C for 1 h and then 
subjected to XRD analysis again. During the heating treatment, the amorphous phase may 
transfer to the crystalline phase. Indeed, after the heating procedure, as shown in Figure 5.2C, 
the broad peak around 30° disappeared. Instead, new sharp peaks were observed. These 
newly appeared sharp peaks match with reference HAP. Also, patterns of CaO and MgO can 
be found. Under heating treatment, CaCO3 and Mg(OH)2 may decompose to CaO and MgO, 
respectively. The formation of Ca(OH)2 might be due to the hydration of CaO during the 
XRD testing process.  
The concentration of NH4+ did not change over the electrolysis process (Figure 5.2A), again 
confirming the lack of struvite formation. This indeed is in accordance with the theoretical 
calculation that struvite formation is not thermodynamically feasible. It is also worth 
mentioning that the chloride concentration did not change (Figure 5.2A), indicating there is 
no chlorine gas production in our system. This is very important for practical application. 
Chlorine, once produced, can lead to the formation of toxic chlorinated organic byproducts 
[129]. The unchanged chloride concentration also explains the negligible ammonium 
reduction in the electrochemical treatment process. The primary mechanism of ammonium 
oxidation in electrochemical treatment is chlorination [129, 130]. Therefore, if there is no 
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chlorine formation and in the absence of struvite formation, the direct anode oxidation of 
ammonium can be neglected, and therefore the ammonium concentration did not change.  
To conclude, the solution chemistry together with the theoretical calculation and the 
characterization of the solids support the formation of three species including ACP, calcite, 
and brucite in the electrochemical wastewater treatment process.   
5.3.3 Effects of current density 
The electrochemical P precipitation and byproduct formation are induced by water 
electrolysis, and more specifically, the increase of pH near the cathode surface. The extent of 
pH increase is regulated by the current density. The current density in our system is defined 
by the ratio of current and the surface area of the cathode, and therefore, it can be altered by 
changing either the applied current or the size of the cathode. When the cathode was fixed at 
36 cm2, the removal of all ions increased with increasing the current density (Figure 5.4).  
 
Figure 5.4. Effects of current and cathode surface area on ions removal in the electrochemical 
phosphorus recovery from domestic wastewater. The circulated data were performed using 
16 cm2 and 4 cm2 cathode, the current was 30 mA. The rest was done with using typical 36 
cm2 cathode, current was 5 mA, 30 mA and 100 mA. Conditions: electrolysis time = 24 h; 
anode: Pt-Ti; cathode: Ti; electrode distance = 3 cm. 
The removal of P rose from 41.4% at 1.4 A/m2 to 46.5% at 8.3 A/m2 and further to 68.5% at 
27.8 A/m2, all recorded in 24 h. The removal of Ca and Mg in the three different current 
Is there a precipitation sequence in municipal wastewater induced by electrolysis?
97
Ch
ap
te
r 5
Is there a precipitation sequence in municipal wastewater induced by electrolysis? 
98 
 
densities were 19.2%, 42.1% and 61.9% for Ca and 10.8%, 38.7% and 70.2% for Mg, 
respectively. Clearly, the increase of current density results in relatively more removal of Ca 
and Mg than P.  
When the surface area of the cathode was varied at fixed current, the removal of P increased 
with cathode size but decreased regarding current density. At the highest current density (30 
mA, 4 cm2), only 14.3% P was removed. Such removal is even lower than with the lowest 
current density (1.4 A/m2) achieved at 5 mA using the regular 36 cm2 electrode. However, in 
contrast to P, the corresponding removal of Ca and Mg at 75 A/m2 is much higher than at 1.4 
A/m2 and slightly lower than at 8.3 A/m2 (30 mA, 36 cm2) but close to the removal at 18.8 
A/m2 (30 mA, 16 cm2).  
It seems that the removal of Mg and Ca is more affected by the current density but for P, it 
is more affected by the cathode size. In an electric field, typically, electromigration will drive 
anions and cations to anode and cathode, respectively. This means that the diffusion of 
cations (Ca2+ and Mg2+) and anions toward cathode may be enhanced and reduced, 
respectively. However, bicarbonate, as a buffer, tends to react with the produced OH− to 
lower the pH gradients (eq 5.5) [106]:  
HCO3− + OH− → H2O + CO32−                                    (5.5) 
Therefore, carbonate may still be enriched near the cathode. Phosphate might behave 
similarly, but its concentration may be too low to affect the local environment near the 
cathode. Therefore, the formation of calcium carbonate and magnesium hydroxide is still 
efficient at high current density even if the surface area is small, as the local pH and the 
availability of lattice ions are favorable. However, for calcium phosphate, the mass diffusion 
of P and the surface area of the cathode, instead of the local pH, are the limiting factors that 
govern its formation and precipitation. Indeed, we can see from Figure 5.4 that when the 
current was fixed at 30 mA, the removal of P increased from 14.3% (4 cm2, 75 A/m2) to 32.1% 
(16 cm2, 18.8 A/m2) and further to 46.5% (36 cm2, 8.3 A/m2). The P removal therefore 
correlated to the increase of the cathode surface area. Though the removal of P also increased 
with the current density when fixing the electrode area at 36 cm2 (Figure 5.4), this increase 
is small. For instance, the nearly 20 times increase of current density from 1.4 to 27.8 A/m2 
only enhanced the removal percentage of P by 28.1%. It is therefore concluded that increasing 
cathode size is more efficient than increasing current density in improving the removal of P.  
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On top of the removal of ions, we checked the phases of precipitates at different current 
densities with XRD characterization. Regardless of the current density, the XRD patterns are 
dominated by calcite and brucite (Figure S5.2). This contrasts with our previous study using 
synthetic solutions which do not contain magnesium and carbonate. In that case, we found 
the calcium phosphate shifts from ACP to HAP with increasing current density [89]. The 
difference may be caused by the coexisting Mg2+ and the organic matters in the domestic 
wastewater, which could inhibit the recrystallization of ACP to HAP [35, 90, 120]. 
5.3.4 Precipitation sequence 
While the removal performance of P, Ca, and Mg with respect to current density and surface 
area was discussed, the underlying mechanism needs to be explored. From the point of 
resource recovery, calcium phosphate is the most interesting product. However, in practice, 
other solids including calcite and brucite precipitate as well. To make the electrochemical P 
recovery process more selective, it is necessary to understand the precipitation sequence of 
the solids. For this purpose, we monitored ion concentrations during the precipitation process. 
The concentrations of Ca, Mg, P, and inorganic carbon as a function of reaction time are 
shown in Figure 5.5. It is clear that these ions were removed simultaneously, suggesting 
there is no removal sequence for Ca, Mg, P and inorganic carbon. 
 
Figure 5.5. Change of ions concentration during electrochemical treatment. Conditions: 
electrolysis time = 24 h; current density = 8.3 A/m2; anode: Pt−Ti; cathode: Ti (36 cm2); 
electrode distance = 3 cm.  
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To explain the experimental data, it is essential to understand the driving force for the 
precipitation of salts. Typical precipitation reactions are driven by the concentration of lattice 
ions, pH, temperature and the thermodynamic ion activity product of the species [36]. In our 
system, the precipitation temperature and pH are equal for all species. Then we need to 
consider the concentrations of lattice ions and the thermodynamic products.  
Basically, Ca, Mg, P, OH− ions and (bi)carbonate are involved in the precipitation process. 
Among these ions, P only has one main driving force toward the vicinity of the cathode where 
precipitation reaction happens, which is mass diffusion. However, for cations and 
(bi)carbonate, in addition to mass diffusion, electromigration and buffer reactions may also 
contribute to their diffusion to the cathode, respectively. Among the three-identified species, 
ACP (Ksp = 10−26) [88] has much lower thermodynamic solubility product than calcite (Ksp 
= 10−9) [127] and brucite (Ksp = 10−10.9) [28]. It should be noted that HAP (Ksp = 10−114) [88] 
has the lowest thermodynamic solubility product. In addition, given the wastewater 
composition, HAP has the highest SI. For instance, at pH 10, the SI of HAP, calcite and 
brucite are 16.4, 2.3, and −0.7, respectively (Table 5.1 and Table S5.2). Therefore, ACP, as 
the intermediate species during HAP formation, may precipitate first, but of course, this is 
subject to solution conditions. The problem is, however, the Ca/P molar ratio in the raw 
wastewater is too high. As a result, the P in the wastewater only uses a small amount of the 
Ca present, and therefore a lot Ca is still available for byproduct formation. This together 
with the fact that cations and carbonate can be enriched at the cathode surface explains the 
formation of Mg(OH)2 and CaCO3, giving simultaneous removal of all ions. 
It seems that the low phosphate concentration opens the door for byproduct formation, 
especially for calcite. Actually, even with extra phosphate in the wastewater, the associated 
ions were still removed at the same time, as confirmed by the decrease of all ions 
concentration as a function of time (Figure 5.6). In the presence of 1.15 mM P, under same 
conditions, the removal of Ca and P increased by about 12%, reaching 54.4% (Ca) and 56.1% 
(P). The removal of Mg (37.0%) and inorganic carbon (18.1%) did not change a lot. 
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Figure 5.6. Change of ions concentration during electrochemical treatment with spiking extra 
P in the wastewater. Conditions: electrolysis time = 24 h; current density = 8.3 A/m2; anode: 
Pt/Ti; cathode: Ti (36 cm2); electrode distance = 3 cm, [P] = 1.15 mM. 
While from the point of removal percentage, there is no significant difference in comparison 
to the case with low P concentration, the absolute amount of removed P is more significant, 
0.648 (1.15 mM) vs 0.119 mM (0.25 mM). The corresponding Ca/P molar ratio in 
precipitates also dropped from 7.0 to 1.7. This indicates that much more Ca was used for P 
precipitation instead of carbonate precipitation with increased phosphate concentration. Still, 
the calcium phosphate appears as ACP, as inferred from its XRD pattern (Figure S5.3). No 
pattern for calcite and brucite can be found in the XRD spectra. This indicates that the 
increase in P concentration does inhibit the formation of calcite and brucite. Indeed, in 
response to the spike of extra P, the SI of calcium phosphate increased whereas the SI of 
calcium carbonate decreased. For instance, at pH 10, while the SI of ACP1 increased from 
1.3 (0.25 mM P) to 2.4 (1.15 mM P), the SI of calcite decreased from 2.3 to 2.2. For brucite, 
it is not saturated in both conditions (SI <0). The change of SI by increasing phosphate as to 
achieve a better stoichiometry favors the precipitation of calcium phosphate instead of 
calcium carbonate. In this way, the formation of calcite is inhibited dramatically. Therefore, 
if we deal with a specific type of wastewater (i.e., wastewater from the food industry) that 
has high P concentration, we may be able to precipitate more calcium phosphate selectively. 
Figure S5.4 summarizes the preliminary results in electrochemical P recovery from food 
wastewater. In comparison to the domestic wastewater, the food wastewater has a much high 
P (1.64 mM) but less Ca (1.34 mM). Because of the low Ca concentration, the removal of P 
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was slightly lower: 32% (food wastewater) vs 46.5% (domestic wastewater). However, the 
absolute amount of recovered P is much higher: 0.53 mM vs 0.12 mM. This gives a Ca/P 
molar ratio of 1.1 in the recovered solids. 
Still, the research question is whether P can be selectively precipitated in raw municipal 
wastewater at low concentration. As discussed, the formation of ACP occurs because of the 
lowest thermodynamic solubility product and the highest SI, whereas the precipitation of 
brucite and calcite is due to the high local pH and the high availability of lattice ions due to 
electromigration and buffer reactions. The local pH can be adjusted by the current density: 
the higher the current density, the higher the local pH. Besides, the electromigration of ions 
can be influenced by the current density as well. Consequently, at low current density, we 
may be able to reduce the formation of calcite and brucite. Indeed, as shown in Figure 5.4, 
at the lowest current density (1.4 A/m2), 41.4% P was removed, whereas only 19.2 % Ca and 
10.8 % Mg were removed. In contrast, at the highest current density (75 A/m2), while 31.8% 
Ca and 31.4% Mg were removed, only 14.3% P was removed. 
Clearly, although all ions do precipitate simultaneously, the extent of removed ions can be 
regulated by the applied current density. This gives direction for selectively precipitating 
calcium phosphate instead of precipitating all ions by increasing the cathode surface and by 
applying a relatively low current density. In conclusion, though there is no precise 
precipitation sequence in raw wastewater induced by electrolysis, it is still possible to 
selectively precipitate calcium phosphate and avoid/reduce the formation of byproducts by 
choosing suitable operating conditions. 
5.3.5 Implications 
Electrochemical induced phosphate precipitation was proven to be a feasible way to remove 
and recover P from real domestic wastewater in a lab-scale study. However, due to the 
complicated wastewater composition, both product and unwanted byproducts are formed. We 
showed in this paper that it is possible to selectively precipitate more calcium phosphate 
(product) than the byproducts. Moreover, the electrochemical P recovery is very adaptable to 
wastewater compositions. Our preliminary tests on food wastewater also demonstrate the 
possibility of electrochemical P recovery from other waste streams. For phosphorus-rich 
waste streams, selective precipitation of calcium phosphate will be even more possible, as 
we already showed in this study. One thing that we did not address here is that we found that 
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the electrochemical P recovery also contributes to the removal of color, turbidity, and COD 
of wastewater. This will alleviate the burden of subsequent biological treatment. In addition, 
the produced O2 and H2 could also be used by the biological process. The remaining challenge, 
however, is how to integrate the electrochemical system with the conventional wastewater 
treatment process. Our ideal is to locate the electrochemical P recovery system in the 
wastewater treatment system. Our goal is to extract about 50% of the P from the influent and 
leave the rest 50% for biomass reproduction which will be removed by the excess sludge. On 
top of this, it is even possible to combine the electrochemical system with conventional 
biological wastewater treatment by developing a bioelectrochemical system, in which 
efficient wastewater treatment and phosphorus recovery can be achieved simultaneously. 
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Supporting information 
 
Figure S5.1. The fraction of inorganic carbon species as a function of pH. This is a simplified 
system where the complexation of inorganic carbon with Ca was not considered. 
 
 
Figure S5.2. XRD patterns of precipitates collected with low, medium and high current 
densities. Regardless of the current density, the precipitates are dominated by calcite and 
brucite. 
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Figure S5.3. XRD pattern of precipitates collected with high P concentration (1.15 mM). 
The broaden peaks indicate the formation of amorphous calcium phosphate. 
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Figure S5.4. The removal of P, Ca and Mg in electrochemical phosphorus recovery from 
food wastewater. The wastewater was from a potato processing company. Conditions: 
electrolysis time = 24 h; current density = 8.3 A/m2; anode: Pt−Ti; cathode: Ti (36 cm2); 
electrode distance = 3 cm. 
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Table S5.1. Main composition of the raw wastewater (influent) in WWTP Leeuwarden, the 
Netherlands. 
parameter value standard dev. unit mM 
inorganic carbon 137.4 5.8 mg/L 11.5 
organic carbon 39.9 3.8 mg/L 3.3 
Ca2+ 75 1.1 mg/L 1.87 
Mg2+ 26.8 0.4 mg/L 1.1 
NH4+ 66.4 1.8 mg/L 3.69 
Na+ 299 2.8 mg/L 13 
K+ 23.6 0.6 mg/L 0.6 
P-PO43- 7.7 0.3 mg/L 0.25 
SO42- 29.7 1.0 mg/L 0.31 
NO3- < 0.1 N/A mg/L N/A 
NO2- < 0.1 N/A mg/L N/A 
Cl- 337.7 5.0 mg/L 9.5 
pH 8.1 0.1 N/A N/A 
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Table S5.2. Supersaturation index (SI) of unsaturated species in the raw wastewater in 
response to different bulk solution pH of 8−12. 
mineral formula 
pH  
8 9 10 11 12 
brushite  CaHPO4·2H2O −0.5 −0.7 −1.3 −2.2 −3.1 
monetite CaHPO4 −0.3 −0.4 −1.0 −1.9 −2.9 
struvite MgNH4PO4·6H2O −1.0 −0.3 −0.3 −1.1 −2.2 
bobierrite Mg3(PO4)2 −3.5 −1.8 −0.9 −0.8 −1.3 
newberyite MgHPO4·3H2O −1.6 −1.7 −1.7 −3.0 −4.2 
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Abstract 
Phosphorus (P) removal and recovery from waste streams is essential for a sustainable world. 
Here, we upgraded a previously developed abiotic electrochemical P recovery system to a 
bioelectrochemical system. The anode was inoculated with electroactive bacteria 
(electricigens) which are capable of oxidizing soluble organic substrates and releasing 
electrons. These electrons are then used for the reduction of water at the cathode, resulting in 
an increase of pH close to the cathode. Hence, phosphate can be removed with coexisting 
calcium ions as calcium phosphate at the surface of the cathode with a much lower energy 
input. Depending on the available substrate (sodium acetate) concentration, an average 
current density from 1.1 ± 0.1 to 6.6 ± 0.4 A/m2 was achieved. This resulted in a P removal 
of 20.1 ± 1.5% to 73.9 ± 3.7%, a Ca removal of 10.5 ± 0.6% to 44.3 ± 1.7% and a Mg removal 
of 2.7 ± 1.9% to 16.3 ± 3.0%. The specific energy consumption and the purity of the solids 
were limited by the relative low P concentration (0.23 mM) in the domestic wastewater. The 
relative abundance of calcium phosphate in the recovered product increased from 23% to 66% 
and the energy consumption for recovery was decreased from 224 ± 7 kWh/kg P to just 56 ± 
6 kWh/kg P when treating wastewater with higher P concentration (0.76 mM). An even lower 
energy demand of 21 ± 2 kWh/kg P was obtained with a platinized cathode. Our results 
highlight the promising potential of bioelectrochemical P recovery from P-rich waste streams. 
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6.1 Introduction 
Use of phosphorus fertilizer is crucial for securing food production for the increasing world 
population [1]. However, due to the linear flow of phosphorus from ore, fertilizer products 
to farms, lakes, and many types of waste streams [7], there is an increasing concern about the 
potential shortage of phosphorus resources [1, 22]. At the same time, the discharge of 
phosphorus containing streams results in the eutrophication of receiving water bodies [7, 10]. 
This broken cycle of phosphorus calls for phosphorus removal and recovery [10]. In this 
context, enhanced biological phosphorus removal, adsorption and chemical precipitation 
have emerged as efficient ways for phosphorus removal [22]. In all processes, insoluble or 
less soluble phosphate salts are recovered as the product. Among these phosphate products, 
calcium phosphate, which is similar in composition to phosphate rock, can be used as a new 
raw material for the fertilizer industry [29]. 
Phosphorus recovery as calcium phosphate has been studied in a large variety of wastewater, 
but mostly in concentrated phosphorus streams [31, 69, 114, 131]. Few studies deal with 
wastewater that has a medium or low concentration of phosphorus, for example, domestic 
wastewater [132]. We recently showed that during electrochemical treatment, the coexisting 
cations (i.e., Ca2+) and anions (i.e., phosphate) in the domestic wastewater form precipitates 
on the surface of cathode, without adding any chemicals to the system [32]. This provided an 
excellent way for extracting phosphorus from sewage. Though the concentration of 
phosphorus in the influent of WWTP is relatively low (5−10 mg L-1), the volume of sewage 
is huge (135−150 L per capital per day) and therefore, phosphorus in domestic wastewater 
can be an important source for phosphorus recycling [47]. The added benefits of 
electrochemical phosphorus recovery are that COD, turbidity and color of the wastewater 
were simultaneously reduced as well. The disadvantage, however, is that this process is 
energy intensive. 
In this regard, bioelectrochemical systems appear as promising alternatives for the abiotic 
electrochemical systems [133]. In a typical bioelectrochemical system, electroactive 
microbes grow as firm biofilms on the anode and serve as biocatalysts [133-135]. Electrons 
are released during the oxidation of organics by the electroactive bacteria and transferred to 
the anode [134, 135]. The electrons can be used to reduce water molecules at the cathode, 
resulting in an increase of local pH near the cathode surface [65, 66, 136, 137]. It was reported 
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that the pH in the vicinity of cathode increases to 10 while bulk pH is 7 [138]. Due to the 
increase of local pH, the soluble calcium phosphate species becomes supersaturated and 
forms a solid species on the surface of the cathode, as in abiotic electrochemical systems [32, 
89].  
The advantages of using a bioanode are substantial. First, the energy needed for 
electrochemical phosphorus recovery is significantly reduced [40, 65, 66, 136, 137]. The 
oxidation potential for sodium acetate (NaAc), which is a typical substrate used in 
bioelectrochemical systems, is −0.278 V (vs NHE), which is 1.1 V lower than abiotic water 
oxidation (0.817 V, vs NHE), under standard conditions [139]. Second, the use of a bioanode 
avoids the formation of chlorine at the anode which is an issue in abiotic electrochemical 
systems [44]. Chlorine, once produced, can result in the formation of chlorinated organic 
compounds that are extremely toxic [44, 140]. 
Bioelectrochemical systems have been widely used in wastewater treatment for resource 
recovery and energy production [61, 133, 141, 142]. The early work of Ichihashi and Hirooka 
[136, 137] and Roland et al. [66] proved the possibility of bioelectrochemical phosphorus 
recovery, relying on either artificial wastewater or on concentrated phosphate streams and 
ion selective membranes. The first simple chamber microbial electrolysis cell (MEC) for 
phosphorus recovery was developed and tested with artificial wastewater by Roland and 
Logan [65]. Yuan and Kim [40] extended the application of MEC in a simple cell with 
improved cathode configurations, yet still in concentrated solutions. In addition, all the 
reported studies focused on struvite (MgNH4PO4.·6H2O) as the product. In this context, due 
to the lack of magnesium (Mg) in the wastewater relative to phosphate and ammonium [28], 
the supply of Mg source was essential in all these studies. This hinders the further adoption 
of bioelectrochemical phosphorus recovery, though it shows great potential. We are not 
aware of any study with MEC focusing at producing calcium phosphate as the recovered 
product. 
Inspired by the successful demonstration of electrochemical phosphorus recovery as calcium 
phosphate [89, 110, 119, 120], we studied the possibility of energy reduction by upgrading 
the abiotic electrochemical system to a bioelectrochemical system. This proof of principle, 
the efficiency of bioelectrochemical system and its relation to substrate concentration and the 
composition of recovered products were systematically investigated. 
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6.2 Materials and methods 
6.2.1 Electrodes 
The bioanode was made of a platinum coated (20 g m −2) Ti mesh in the form of a disk (Pt 
−Ti, 80 mm Ø) and a piece of graphite felt (thickness of 3 mm, FMI Composites Ltd., 
Galashiels, Scotland) connected to the Pt−Ti disk. We used Pt wire to fix the graphite felt to 
the mesh Pt −Ti disk. On top of the bioanode, a 120 mm-long Pt −Ti rod (3 mm Ø) was 
welded to the center of the bioanode. The cathode was made of Ti plate (grade one, 6 × 6 
cm). The Pt−Ti current collector and the Ti cathode were provided by MAGNETO Special 
Anodes BV (The Netherlands). 
6.2.2 Reactor design, start-up and operation 
The reactor has the same design as the abiotic electrochemical cell that we used previously 
[120]. The difference is that we replaced the abiotic anode with a bioanode. Figure 6.1 
illustrates the configuration of the MEC.  
 
Figure 6.1. (A) Configuration of the microbial electrolysis cell, (B) components and the 
materials of the bioanode and (C) cathode. Both electrodes were welded to (platinum coated) 
titanium rods for connection. The graphite felt and the platinum-coated titanium mesh were 
fixed with platinum wire. 
The MEC is operated in a three-electrode system, with the bioanode as the working electrode 
and the cathode as the counter electrode. A reference electrode (Ag/AgCl, 0.210 V vs SHE, 
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QM713X, ProSense B.V.) was placed close to the bioanode. The bioanode potential was 
controlled at −0.35 V by a potentiostat (Vertex, Ivium Technologies, The Netherlands), 
which is slightly higher than the oxidation potential of NaAc (>100 mV overpotential under 
typical experimental conditions) to provide electroactive bacteria with a competitive 
advantage over methanogens [143]. The average overpotential was about 190 mV under the 
applied condition at the start of the experiments. In this paper, all potentials were reported 
related to the Ag/AgCl reference electrode. The bioanode and the cathode were located on 
the top and bottom of the electrochemical cell at a distance of 10 mm. The reactor temperature 
was maintained at 29.5 ± 0.5 °C using a thermostat. Initially, the electrochemical cell was 
inoculated with artificial wastewater, containing 1 mL/L trace element solution and the 
following: 0.82 g/L CH3COONa, 0.74 g/L KCl, 0.58 g/L NaCl, 3.4 g/L KH2PO4, 4.35 g/L 
K2HPO4, 0.28 g/L NH4Cl, 0.1 g/L MgSO4·7H2O and 0.1 g/L CaCl2·2H2O [144]. The biomass 
used for inoculation was collected from an active microbial rechargeable battery cell [145]. 
The reactor was operated in fed-batch mode with regular replacement of substrate (typically 
every 24 h). The working volume of the bioreactor was 900 mL. The solution in the reactor 
was mixed by a peristaltic pump at a flow rate of 60 mL min-1. After inoculation within 3 
days, the system started to produce a positive current. After 2 weeks, the bioanode was 
completely covered by a visible red biomass. In the meantime, reproducible current was 
recorded (see Figure 6.2). Then, experiments with real domestic wastewater (with additional 
NaAc) were performed. The wastewater was sampled from a local wastewater treatment plant 
(Leeuwarden, The Netherlands). The main composition of the wastewater is shown in Table 
S6.1. Each experiment lasted for 24 h. In this period, the current and the cell voltage between 
the working and the counter electrode were recorded. Liquid samples before and after 24 h 
treatment were taken for analysis. In some cases, the time was extended to 48 and 72 h and 
samples were also taken. At least four repetitions were performed, and the mean and standard 
deviation of the collected data are reported. 
6.2.3 Analysis 
We used ICP-AES (Optima 5300 DV, PerkinElmer) to quantify the concentration of soluble 
calcium (Ca), phosphorus (P), and magnesium (Mg). We applied the standard cuvette test 
(LCK114, Hach Company) to measure the concentration of chemical oxygen demand (COD). 
We quantified the concentrations of cations (Na+, NH4+) and anions (chloride, sulfate, nitrate, 
and nitrite) with ion chromatography (IC, Compact IC 761, Metrohm). We analyzed the total 
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organic carbon and inorganic carbon by a TOC-LCPH analyzer equipped with an ASI-L auto 
sampler (Shimadzu). Prior to ICP-AES and IC analysis, samples were filtered with 0.45 µm 
membrane filter. The qualification of solid phases was achieved with X -ray Powder 
Diffraction (XRD, Bruker) using Cu Kα radiation. Details about the information on XRD can 
be found in a previous publication [120]. 
6.2.4 Calculations.  
The average produced current and cell voltage in each experiment for different NaAc 
concentration was calculated with MATLAB. Prior to the calculations, the curve fitting for 
both the recorded current and the cell voltage were performed to meet the prerequisite of 
integral. The MATLAB function “spline” was used to fit the curves and the “integral” 
function was applied to solve integral through area measurement. The current density (A m−2) 
was defined by the average current and the projected surface area of the cathode (36 cm2). 
The Coulombic efficiency (CE) was defined as the ratio between the produced charge and 
the theoretical charge released by the oxidation of substrate (eq 6.1): CE (%) = 100 ×  8 ∫ Idt
FVΔCOD
                                               (6.1) 
I is the electric current (A), F is the Faraday constant (96485 C mol−1), V is the volume of 
the reactor (0.9 L), ΔCOD (g/L) is the removed COD in one fed-batch cycle, the factor 8 is 
the quotient from the molecular weight of oxygen (32 g mol−1) and amount of electrons 
transferred per mole of oxygen (4). 
The electric energy consumption (WE) was calculated by eq 6.2: 
𝑊𝑊𝐸𝐸 = ∫ 𝐼𝐼𝐼𝐼dtt0                                                          (6.2) 
Where U is the recorded cell voltage (V). 
The anode overpotential was calculated as the difference between the applied anode potential 
and the theoretical anode potential (ηanode = Eanode, measured – Eanode, theoretical) [135].  
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6.3 Results and discussion 
6.3.1 Current production and COD conversion.  
Before evaluating the efficiency of bioelectrochemical system, it is necessary to check if the 
MEC could work properly, which can be evaluated by the produced current. Figure 6.2 
shows the current production in relation to the NaAc concentration in the MEC.  
 
Figure 6.2. Current production as a function of sodium acetate (NaAc) concentration. Overall, 
the current curve was reproducible among the four fed batch cycles. Conditions: bioanode 
potential, −0.35 V, distance between electrodes, 1 cm, batch cycle time, 24 h.  
Without adding external substrate, the MEC produces positive current, which suggests that 
the bioanode can oxidize the organics in the domestic wastewater and produce electricity. 
The average current in 24 h produced without adding NaAc is 3.0 ± 0.2 mA, corresponding 
to a current density of 0.84 ± 0.1 A m−2. It should be noted that without adding additional 
substrate the domestic wastewater should be fresh domestic wastewater. With stored 
wastewater, the current density recorded was very low. This is because the easily 
biodegradable COD was consumed by the microbes originating from the wastewater even 
though we stored the wastewater in a 4 oC fridge. In Figure S6.1, the initial COD decrease 
over the storage period is shown. Because of this, additional COD (as NaAc) was added at 
the start of each experiment. 
Figure S6.2 summarizes the removal of COD, current density and Coulombic efficiency in 
relation to NaAc concentration. With 1 mM NaAc added to the stored raw wastewater, the 
initial COD is 128 ± 8 mg L−1, and with 10 mM NaAc, the initial COD increases to 640 ± 34 
mg L-1. The removal of COD also increases from 45.7 ± 3.4% at 1.0 mM NaAc to the highest 
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(79.8 ± 2.0%) at 10 mM NaAc. In response to the increased NaAc dosage and COD 
conversion, the current production also increases. As can be seen from Figure 6.2, the current 
curve is reproducible for the four tests. At the beginning the current starts to increase 
immediately after we turn on the potentiostat and the peak current occurs within 1 h and then 
starts to slowly decrease, resulting from the decrease of available substrate. With increasing 
NaAc concentration, the observed current peak shifts in time, for instance, at a concentration 
of 10 mM NaAc, the current peak was observed at 12 h. The calculated average current 
density in 24 h is 1.1 ± 0.2 A m−2 with 1.0 mM NaAc. The value increases to 2.7 ± 0.3 with 
2.5 mM NaAc and further to 4.4 ± 0.2 with 5.0 mM NaAc, reaching the highest current 
density of 6.6 ± 0.4 A m-2 at 10 mM NaAc. However, in terms of CE, an overall decreasing 
trend was observed with increasing NaAc concentration from 54.7 ± 12.9% at 2.5 mM to 
36.4 ± 2.5% at 10 mM. Such a trend was seen previously [146]. There are multiple reasons 
for the low CE. First of all, the presence of alternative electron acceptors (i.e., sulfate or O2) 
will lower the Coulombic efficiency. Indeed, in the presence of 10 mM NaAc, we found that 
the sulfate concentration decreased by 62.3 ± 6.3%. This is accompanied by the formation of 
dark precipitates in the circulation tubes, which may be due to metal sulfide formation. 
Secondly, methanogens may compete with the electricigens to produce methane, especially 
in excess of NaAc [143]. 
6.3.2 Bioelectrochemical phosphorus removal 
Associated with the current production in the MEC, the concentration of soluble phosphorus 
decreased and the higher the NaAc concentration, the higher the removal of phosphorus (P) 
and also calcium (Ca) and magnesium (Mg). The P removal was dependent on the substrate 
conversion to electricity, since precipitation was induced by the increase of local pH, as we 
confirmed in the abiotic system [89]. The reduction of water molecules at the cathode of the 
MEC, resulting in hydrogen production, led to a local high pH compared to the bulk solution. 
We have also seen the increase in P removal with increasing current density in our previous 
experiments with the abiotic system [119]. 
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Figure 6.3. Removal percentage of Ca, Mg and P as a function of sodium acetate (NaAc) 
concentration in the microbial electrolysis cell. Conditions: bioanode potential, −0.35 V; 
distance between electrodes, 1 cm; electrolysis time, 24 h. 
During experiments with the MEC, the removal efficiency of P was around 20% with 1.0 
mM NaAc added (Figure 6.3). At the same time, 11% Ca and 3% Mg were removed. With 
2.5 mM NaAc, the P removal efficiency increased by 12%, which was accompanied by an 
increase of 10% for Ca and 3% for Mg. Likewise, the removal of P, Ca, and Mg increased 
proportionally with 5.0 mM NaAc. At 10 mM NaAc, nearly 74% P, 44% Ca, and 16% Mg 
were removed from the wastewater. The P recovery performance was poor (about 9%) 
without adding NaAc even with fresh wastewater (data not shown). This is because, although 
the initial total COD of fresh wastewater is 271±8.6 mg/L, the soluble COD (100 ± 1.2 mg/L) 
is low. As a result, the average current density generated with fresh wastewater is just 0.84 ± 
0.1 A m−2 which is lower than that of adding 1.0 mM NaAc (1 ± 0.2 A m−2). 
In response to the removal of ions in the bulk solution, precipitates were seen on the counter 
electrode (cathode), as seen in the abiotic electrochemical system [32, 89, 119]. The 
precipitates were characterized with XRD (Figure 6.4A) to determine the solid phases.  
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Figure 6.4. (A) XRD pattern of solids collected in the presence of different sodium acetate 
(NaAc) concentration, (B) XRD pattern of selected samples after heating treatment, the 
heated samples were collected in the presence of 10 mM NaAc, (C) amount and (D) the 
relative abundance of brucite (Mg(OH)2), amorphous calcium phosphate (ACP) and calcite 
(CaCO3). 
For the precipitates formed under different NaAc dosing, all XRD spectra show a good match 
with calcite (CaCO3). This indicates that the precipitates were predominantly CaCO3, while 
the calcium phosphate was in an amorphous phase [32]. The removal of Mg as brucite 
(Mg(OH)2), which could also be formed, is highly dependent on the current density [32]. At 
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low concentration of NaAc (1−5 mM), the XRD pattern of brucite cannot be identified in the 
samples taken from the bioelectrochemical system. The removal efficiency of Mg was just 
2.7 ± 1.9% with 1 mM NaAc (1.1 ± 0.2 A m−2). After we increased the dosage of NaAc to 
10 mM, the generated current increased, and this resulted in an increase in Mg removal. 
Nearly 16% Mg was removed in the presence of 10 mM NaAc (6.6 ± 0.4 A m−2). In this case, 
typical peaks of brucite at 2θ = 38º and 18.6º were found in the XRD pattern (Figure 6.4A). 
To investigate the amorphous calcium phosphate (ACP) content, the precipitates collected in 
the presence of 10 mM NaAc were heated at 550 ℃ for 2 h and then characterized with XRD. 
In this way, the organic substances can be removed, and the amorphous phase may 
recrystallize to a crystalline phase. Indeed, as shown in Figure 6.4B, the XRD pattern of the 
heated samples matched with hydroxyapatite (HAP), MgO, and CaO. The XRD 
characterization of solids before and after heating treatment confirmed the precipitates as a 
mixture of ACP, calcite, and brucite, which is consistent with the composition of solids 
recovered in the abiotic electrochemical system [32]. 
Based on our previous calculation approach [147], we estimated the different quantities of 
precipitates (Figure 6.4C) and the relative abundance of the three species in the products 
(Figure 6.4D) as a function of NaAc concentration. The amount of all three species increased 
with the increase of NaAc concentration. Nonetheless, regardless of the NaAc dosage, the 
precipitates consisted of more than 65% of calcite and the relative abundance of ACP was 
just around 20%. The low content of ACP is explained by the much lower phosphorus 
concentration in comparison to bicarbonate which results in the dominant calcite formation 
[32]. 
6.3.3 Phosphorus removal in one fed-batch test with extended time 
In the abiotic system, we saw a clear increase of phosphorus removal efficiency with the 
increase of electrolysis time. However, in the biotic system, the removal efficiency of 
phosphorus decreased with extended microbial electrolysis time. In the presence of 10 mM 
NaAc, the concentration of phosphorus decreased from 7.0 ± 0.1 to 1.7 ± 0.3 mg L−1 in 24 h 
(Figure 6.5A). Then, the P concentration increased to 3.6 ± 0.1 mg L−1 within 48 h and 
further increased to 5.6 ± 0.1 mg L−1 in 72 h. 
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Figure 6.5. (A) Concentrations of Ca, P, and Mg and (B) the average current each day over 
a three-day batch test. Conditions: 10 mM NaAc; bioanode potential, −0.35 V; distance 
between electrodes, 1 cm.  
We also observed similar trends for Ca and Mg, but these were less obvious. This was 
probably due to the dissolution of initial precipitates, which results in the increase of P, Ca, 
and Mg concentrations in the bulk solution. These changes of ions concentration in the 
wastewater were connected to the depletion of COD in the wastewater and the associated 
decrease in current density during operation of the bioelectrochemical system over the three 
days experimental period. The COD decreased from 622 ± 20 to 121 ± 12 mg L−1 within 24 
h (Figure 6.5A). Due to the degradation of COD, the output current of the MEC decreased 
significantly (Figure 6.5B). While the average current on the first day was 23.3 ± 2.0 mA 
(6.5 ± 0.5 A m−2), the average current in the second day and the third day were just 2.6 ± 0.3 
mA (0.71 ± 0.07 A m−2) and 1.0 ± 0.1 mA (0.26 ± 0.04 A m−2). The precipitation of calcium 
phosphate and other solid species on the cathode surface is induced by the local high pH 
resulting from the (microbial) electrolysis process. Therefore, when the available organic 
substances were depleted by the electroactive bacteria, the microbial electrolysis process will 
come to a halt. As a result, the local high pH cannot be maintained. Therefore, the precipitates 
will dissolve, accompanied by the increase of ions concentration in the bulk solution. We 
previously tested the dissolution of precipitates in open circuit in abiotic systems [147]. It 
was found that only when the bulk solution pH was acidic, the initial precipitates dissolve. 
Under alkaline conditions, the precipitates did not dissolve. We measured the bulk solution 
pH after 24 h, 48 h and 72 h, which are 7.7, 8.1 and 8.0, respectively. Overall, the bulk 
solution pH in the MEC was quite stable. This was due to the presence of bicarbonate, which 
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acts as buffer in the wastewater. In addition, the degradation of NaAc also results in the 
formation of bicarbonate (eq 6.3). CH3COO− + 4H2O → 2HCO3− + 9H+ + 8e−                                (6.3) 
From the point of bulk solution pH, the precipitates should not dissolve. The different 
behavior of solids in the abiotic system and the biotic system may be explained in several 
ways. First of all, though the precipitates are a mixture of calcite, brucite and ACP in both 
systems (biotic and abiotic), the exact composition may still be different. The collected ACP 
in the biotic system might have a different structure compared to the ACP from the abiotic 
system, which might lead to a different stability of the amorphous phase. Preliminary 
leaching tests (Figure S6.4) indicate a higher P concentration in the bulk media (1.28 mg L−1) 
from the biotic precipitates than that of the abiotic precipitates (0.294 mg L−1) when the solids 
were mixed with deionized water. Furthermore, the presence of organic matters might also 
influence the stability of initial precipitates [148]. These mechanisms might explain the 
dissolution of precipitates when the substrate concentration was not able to maintain the high 
local pH. However, we do not have solid conclusions at this moment, and this interesting 
difference between abiotic and biotic systems calls for further investigation. 
6.3.4 Phosphorus removal at increased phosphate concentration 
As discussed earlier, the relative abundance of ACP in the precipitates was low. Calcite 
accounts for the largest proportion in the precipitates. This was probably due to the excess of 
bicarbonate in the wastewater (10.1 mM vs 0.23 mM P). In addition, the consumption of 
NaAc, as mentioned earlier, will add bicarbonate to the system. We previously showed in 
abiotic systems that a high concentration of phosphorus can enhance calcium phosphate 
precipitation and inhibit calcium carbonate precipitation [32]. In order to investigate the 
performance of bioelectrochemical system toward wastewaters with higher P content, we 
performed tests by spiking extra phosphate (in the form of Na2HPO4) to raise the P 
concentration to 0.76 mM. The COD removal, the generation of current, and the removal 
efficiency of ions were similar to the case without spiking phosphorus (Table 6.1). 
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Table 6.1. Comparison of COD conversion, ions removal and current density in low and high 
phosphorus concentration. 
However, the characterization of solids by XRD indicated that the relative contribution of 
components shifted. The XRD spectrum of solids collected in the presence of 0.76 mM P 
was dominated by a broad peak around 30° (Figure S6.3) instead of a clear pattern for calcite 
(Figure 6.4A). The broad peak is typically seen for ACP [89, 120]. Similar to the case of 
0.23 mM P (without spiking), the raw XRD pattern fails to identify the presence of brucite 
due to the small amount of brucite in the precipitates. When the solids were subjected to 
heating treatment, the new XRD pattern was dominated by hydroxyapatite (Figure S6.3), 
which supports the assumption that the initial form was mostly ACP.  
 
Figure 6.6. Relative abundance of calcite, brucite, and amorphous calcium phosphate (ACP) 
in the presence of 0.23 mM and 0.76 mM phosphorus. 
concentration (mM) removal (%) aver current density  
(A/m2) phosphorus NaAc COD Ca Mg P 
0.23  5 
74.8 ± 
2.8 
33.6 ± 
2.4 
10.1 ± 
0.9 
45.1 ± 
2.7 
4.4 ± 0.2 
0.76  5 
74.9 ± 
1.5 
31.9 ± 
1.3 
16.2 ± 
1.3 
43.8 ± 
1.3 
4.0 ± 0.2 
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Figure 6.6 shows the relative abundance of ACP, calcite, and brucite in the solids obtained 
from the wastewater with 0.76 mM P. In comparison to the wastewater with lower P 
concentration (0.23 mM P), the relative abundance of ACP increased from 21% to 66%, 
whereas the relative abundance of calcite decreased from 73% to 24%. Without supplying 
extra P, only 22% of the removed Ca formed precipitates with phosphate. At a concentration 
of 0.76 mM P, 73% of the removed Ca was used for ACP formation. This indicated that the 
increase of phosphate concentration reduced calcium carbonate formation in the 
bioelectrochemical system, which is in line with the results in the abiotic system [32].  
Thermodynamically, calcium phosphate species are less soluble than calcium carbonate, and 
in the wastewater, the precipitation of calcium phosphate has a higher driving force than 
calcium carbonate [32]. However, in the wastewater, the Ca/P molar ratio was too high; 
therefore, there was Ca available for calcium carbonate formation. When extra phosphate 
was supplied, more Ca was used for ACP formation. While it is unrealistic to dose phosphate 
to the wastewater, there are other types of wastewater that contain high concentrations of 
phosphate, for instance, food wastewater [114]. Therefore, it might be possible to produce 
high purity calcium phosphate from phosphorus-rich waste streams with bioelectrochemical 
phosphorus recovery process.  
6.3.5 Energy consumption 
We found the bioelectrochemical system has good potential to recover phosphorus from 
waste streams at relatively low energy cost depending on the phosphorus concentration, 
availability of substrate, and electrode material. The specific energy cost (as kWh/kg P) 
increased with the added NaAc concentration. With 1 mM NaAc, although the P removal 
efficiency was relatively low (~20%), the cell voltage was low as well, due to the low output 
current density. The low cell voltage compensates for the low P removal and results in the 
lowest energy consumption of 69 ± 14 kWh/kg P (Figure 6.7), with the regular cathode (Ti) 
and regular P concentration (0.23 mM).  
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Figure 6.7. Specific energy consumption as a function of sodium acetate (NaAc) 
concentration, phosphorus concentration and electrode material, expressed in kWh per kg 
phosphorus. 
This energy consumption was comparable to a fluidized bed cathode MEC that had a cathode 
and bioanode compartment separated by membranes, which was 65 ± 5 kWh/kg P [66]. In 
comparison to the single cell that was reported by Yuan and Kim [40], which had an energy 
consumption of 109 kWh/kg P with the addition of NaAc (calculated from the reported 13.8 
kWh/kg struvite), our energy consumption was relatively low. However, with increased 
NaAc concentration, the specific energy cost increased, reaching the highest (247 ± 2 kWh/kg 
P) at 10 mM NaAc. This suggests the increased current production was not matched by P 
removal [66]. It should be emphasized that the previous reported results produced struvite 
from phosphorus-rich solutions (1.5−4.5 mM P) [40, 141]. In our system, with 5 mM NaAc 
and increased phosphorus concentration (0.76 mM), the energy consumption dropped from 
224 ± 7 to just 56 ± 6 kWh/kg P. In principle, the energy input of the (bio)electrochemical 
system is affected by the internal resistance, the half reaction at working electrode and the 
counter electrode. The use of a bioanode can reduce the minimum required cell voltage for 
hydrogen production, due to the lower equilibrium voltage of the bioelectrochemial system 
(0.14 V) compared to the electrochemical system (1.23 V) [135]. The most energy intensive 
loss here, if we did not consider the ionic losses, is the overpotential of water reduction at the 
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cathode. By using a Pt-coated Ti cathode, the average cell voltage was reduced from 1.56 ± 
0.05 V for the regular cathode (Ti plate) to 0.82 ± 0.01 V. Due to the decrease of cell voltage, 
the energy cost further decreased from 56 ± 6 kWh/kg P to 21 ± 2 kWh/kg P. If we assume 
an electricity price of 0.09 €/kWh, the P recovery cost would be 1.92 ± 0.21 €/kg P. Such low 
cost would make this process very competitive, even compared to mined phosphorus, which 
lies in 1−2 €/kg P [149]. 
6.4 Outlook 
We demonstrated that phosphorus in domestic wastewater (P = 0.23 mM) and wastewaters 
with higher P up to 0.76 mM can be recovered as calcium phosphate in an energy-efficient 
way by applying MEC. In line with the abiotic system, ACP, brucite, and calcite were formed 
as precipitates on the cathode surface. However, the removal of Mg was relatively low 
compared to the abiotic electrochemical system, since the current density obtained was much 
lower compared to the current density applied in our abiotic system. Therefore, the use of a 
bioelectrochemical system can reduce the formation of brucite. However, to reduce CaCO3 
content in the solids, it is necessary to target a wastewater that has relative high phosphorus 
concentration. Both the purity and the energy consumption were substantially reduced at 
higher levels of phosphate, simulated by spiking P to the domestic wastewater. We found 
that the formed precipitates dissolved when the output current decreases, due to the depletion 
of substrate, while in the abiotic system they remained. Yet, we are unable to provide a clear 
explanation for this. We propose further research on understanding the difference between 
abiotic and biotic precipitates and avoiding the dissolution of initial precipitates. 
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Supporting information 
 
 
Figure S6.1. Monitoring of wastewater COD indicated the wastewater COD decreased 
during the storage at 4 ℃. Therefore, the experiments were performed after 3 weeks of 
storage when the COD is relative stable and sodium acetate in different concentrations was 
added as COD source. 
 
 
Figure S6.2. (A) Performance of COD conversion in the microbial electrolysis cell, (B) 
average current density and coulombic efficiency for different sodium acetate (NaAc) 
concentration. Conditions: bioanode potential −0.35 V; electrode distance, 1 cm, microbial 
electrolysis time 24 h. 
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Figure S6.3. XRD pattern of solids collected in the presence of 0.76 mM P before and after 
heating treatment at 550 ℃ for 2 h. 
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Figure S6.4. Leaching test of abiotic and biotic precipitates. We weighted similar amounts 
of abiotic precipitates (0.0212 g) and biotic precipitates (0.022 g) and mixed these 
precipitates with 10 mL deionized water in tubes. The tubes were shaken in a table shaker 
over three days at 150 rpm. Then samples were taken to analyze the soluble Ca, Mg and P 
concentrations. 
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Table S6.1. The main composition of the raw wastewater a (influent) in wastewater treatment 
plant (Leeuwarden, the Netherlands). 
parameter value standard dev. unit 
inorganic carbon 120.7 1.6 mg/L 
organic carbon 71.8 1.5 mg/L 
Ca2+ 81.0 1.9 mg/L 
 Mg2+ 19.5 0.5 mg/L 
P-PO43- 7.0 0.3 mg/L 
NH4+ 51.9 0.8 mg/L 
K+ 21.3 0.1 mg/L 
Na+ 249.3 15 mg/L 
SO42- 26.5 0.1 mg/L 
Cl- 213 8.1 mg/L 
COD 236 2.8 mg/L 
pH 7.5 0.2 N/A 
a : the sampled wastewater was filtered with a 250 µm sieve to remove suspended solids. 
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Abstract 
Phosphorus removal and recovery from waste streams are crucial to prevent eutrophication 
and sustain fertilizer production. As has been shown in our previous papers, electrochemical 
treatment has the potential to achieve this goal. However, the adoption of electrochemical 
approach is limited by its high energy consumption. Here, we investigate the possibility of 
electrochemical phosphorus removal at extremely low current density using graphite felt as 
the cathode. We found a current density as low as 0.04 A/m2 can enhance the removal of 
phosphate in our electrochemical system. The removal of phosphate at extremely low current 
density resulted from electrochemical induced calcium phosphate precipitation and not by 
electrochemical adsorption. Electrochemical treatment of real domestic wastewater at 0.2 
A/m2 almost eliminates the precipitation of Mg(OH)2 and limits the formation of CaCO3. The 
recovered precipitates are dominated by calcium phosphate (59%), followed by 35% CaCO3 
and 6% Mg(OH)2. The specific energy consumption of this newly electrochemical system is 
between 4.4 and 26.4 kWh/kg P, which is 2 orders of magnitude lower than our previous 
system (110 to 2238 kWh/kg P). Key factors for this improvement prove to be enlarged 
precipitation area and hydroxide flux retardation by graphite felt. Practically, our study offers 
a potential way to reduce the energy consumption in electrochemical removal of phosphate 
by using a graphite felt cathode and at a current density below 0.2 A/m2. Fundamentally, our 
study contributes to the understanding of adsorption and precipitation in electrochemical 
removal of phosphate at an extremely low current density and with carbon-based electrodes. 
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7.1 Introduction 
Phosphorus (P) is a vital nutrient in the global food production chain. Typically, 35.2 kg of 
phosphate rock is required to sustain one person per year [16]. Unfortunately, although 
uncertainty remains in terms of the size and the projected exhaustion date of P reserves [46], 
its geographical concerns may cause a potential P crisis for the majority of countries who 
heavily depend on importing P fertilizer [10]. This, taken together with the strict legislative 
target to reduce P concentration to an ultra-low level to avoid eutrophication, makes it 
essential to recover and reuse the P in waste streams [10].  
Enhanced biological phosphorus removal, adsorption, and precipitation are well-established 
methods for P removal [21, 22]. In most cases, P is removed from wastewaters by forming 
insoluble or less soluble phosphate minerals. Among these minerals, calcium phosphate 
stands out because calcium phosphate precipitation can be achieved without dosing external 
calcium ions, as most natural and engineered aquatic systems have a favorable stoichiometric 
ratio for calcium phosphate formation [32]. In addition, calcium phosphate is a preferred raw 
material for the fertilizer industry [29].  
Conventionally, calcium phosphate precipitation in wastewaters can be achieved at increased 
pH (>9) and/or increased concentration of calcium ions [124]. In this approach, however, 
calcium and phosphate ions precipitate as sludge and have inadequate settling performance 
[150]. Hence, an extra solid-liquid separation process (i.e., centrifugation) is required. 
Moreover, wastewater pH needs to be lowered with dosing acid to satisfy the discharge 
standard (6<pH<9) [32]. To overcome these limitations, an electrochemical precipitation 
approach was proposed and validated by Lei and coauthors [32, 89]. The principle of this 
electrochemical approach is that a local high pH environment is created by water electrolysis 
close to the cathode [89]. As such, the precipitation of calcium phosphate occurs solely at the 
cathode surface. Efficient precipitation of calcium phosphate was found in alkaline, neutral 
and acidic solutions, even in the presence of buffers, thanks to the high local pH [89, 120].  
However, the real adoption of this approach is limited by the high energy consumption, which 
is due to the applied relatively high current density and the low specific surface area of the 
used titanium plate cathode [32, 151]. We found that in electrochemical recovery of 
phosphate from domestic wastewater, it is not only calcium phosphate that forms, calcite 
(CaCO3) and brucite (Mg(OH)2) also form as byproducts [32, 147, 151]. Additionally, high 
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current density (> 20 A/m2) results in relatively more precipitation of calcite and brucite than 
calcium phosphate [147, 151]. In contrast, a larger cathode area favors the selective 
precipitation of calcium phosphate [32]. Therefore, a possible solution to overcome the low 
energy efficiency in our electrochemical P recovery is to operate the system with a very low 
current density and a much larger specific surface area. In this context, carbon-based 
materials, i.e., graphite felt, which has a large specific surface area [152] seems to be a better 
alternative than the titanium plate as cathode. Interestingly, the combination of graphite felt 
and low current density (< 0.2 A/m2) falls in the current density region of capacitive 
deionization (CDI). CDI is a process where ions are adsorbed either at the cathode or anode 
depending on their charge when an electric voltage difference is applied between both 
electrodes [153]. 
Nonetheless, we do not know yet whether electrochemical P removal can be achieved at a 
current density below 0.2 A/ m2.  The lowest current density we have tested was 1.4 A/m2 
[32]. And if yes, what is the mechanism? Is it precipitation or adsorption, or are both 
processes involved?  
To answer these questions, we performed systematic studies on electrochemical P removal 
at extremely low current density using a graphite felt cathode and in the presence of calcium 
ions. This study aims to identify the possibility of electrochemical P removal at extremely 
low current density with improved cathode configuration and the associated removal 
mechanisms. The findings in this study may contribute to the development of an energy 
efficient electrochemical approach for P removal and recovery that uses no chemicals and 
produce a pure solid product. 
7.2 Material and methods 
7.2.1 Chemicals 
Ca(NO3)2·4H2O (as the source of Ca2+) was acquired from Merck (Germany). Na2HPO4 (as 
the source of phosphate) and Na2SO4 (as electrolyte) were received from VWR (Belgium). 
All solutions were prepared with deionized water (Merck Millipore, Germany). 
7.2.2 Setup 
An overview of the schematic of the setup is shown in Figure S7.1. The electrochemical cell 
is same as the one we used previously [120]. The anode is a platinum (Pt) coated titanium 
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(Ti) mesh (Ø 8 cm, 20 g Pt/m2) disk (named as Pt-Ti) to which, a 12-cm Pt-Ti rod (Ø 0.3 cm) 
was perpendicularly welded. The cathode is a combination of the same material as the anode 
material with a piece of graphite felt (Ø 8 cm, thickness of 0.3 cm, FMI Composites Ltd., 
Galashiels, Scotland). The graphite felt was fixed on the Pt-Ti disk by Pt wires. The 
electrochemical cell was operated in a three-electrode configuration, with the graphite felt 
combined Pt-Ti disk (named as GF-Pt-Ti) as the working electrode (cathode), Pt-Ti mesh 
disk as the counter electrode (anode). The electrode distance between the anode and the 
cathode was 3 cm. A constant current density was applied by a potentiostat (Vertex, Ivium 
Technologies, The Netherlands). The total solution (900 mL) in the electrochemical cell was 
recirculated with a pump (Masterflex L/S digital economy drive, Germany) at a flow rate of 
120 mL/min. All non-specified electrodes were provided by MAGNETO Special Anodes BV 
(The Netherlands).  
7.2.3 Batch experiments 
In all batch tests, the P concentration was fixed at 0.6 mM. The concentration of Ca changed 
from 0.5 mM to 2.0 mM, and Na2SO4 concentration varied from 10 mM to 50 mM. The 
applied current density ranged from as low as 0.04 A/m2 to maximum 0.2A/m2. To investigate 
the removal mechanism, we performed blank experiments in the absence of Ca (0 mM) or in 
the absence of an electric field (0 A/m2). In particular, to understand the role of graphite felt, 
we also performed experiments with Pt-Ti cathode (without graphite felt). The cell voltage 
was recorded by the IVIUM software. Lastly, the feasibility of this low current system in real 
domestic wastewater was evaluated. Typically, all batch tests lasted 4 days and aliquots of 
solutions were sampled every day. Unless specified, before a next experiment, the 
electrochemical cell was flushed with deionized water for two days to ensure that no residual 
ions remained on the cathode surface. All experiments were carried out at least in duplicate. 
The data are given as the mean and corresponding standard deviation of at least two 
independent tests.  
7.2.4 Analytical methods 
We analyzed the concentration of Ca and P by ICP-AES (Optima 5300 DV, Perkin Elmer) 
and pH (Seven Excellence S470, Mettler Toledo). We examined the morphologies and 
elements distribution of the fresh and used graphite felt by SEM (JEOL-6480LV, JEOL Ltd., 
Japan) and EDS (Oxford Instruments), respectively. A small piece (1 cm x 1 cm) of the fresh 
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and used graphite felt was cut and used for SEM-EDS characterization. We obtained the 
Raman spectra of the deposits on the carbon fiber of the used graphite felt using a LabRAM 
HR Raman spectrometer (Horiba Jobin Yvon) [89].  
7.2.5 Calculation 
The supersaturation index (SI) of calcium phosphate species was calculated by Visual Minteq 
(available at https://vminteq.lwr.kth.se/) [89]. SI = log (IAP
𝐾𝐾sp
)                                                                     (7.1) 
Here, IAP is the ion activity product of the associated lattice ions of a mineral and Ksp is the 
thermodynamic solubility product.  
7.3 Results and discussion 
7.3.1 Electrochemical removal of phosphate at low current density is possible  
Figure 7.1 shows phosphate can be removed in the electrochemical system using GF-Pt-Ti 
cathode by applying a current density as low as 0.04 A/m2 (Figure 7.1A), which is 
accompanied by simultaneous removal of Ca (Figure 7.1B). In open circuit (0 mA), only 15% 
P and 12% Ca were removed from the bulk solution after 4 days’ treatment. The removal of 
P and Ca in open circuit is probably a result of spontaneous precipitation [89]. The calculation 
of SI indicates the solution is indeed supersaturated in terms of both amorphous calcium 
phosphate (ACP, SIACP = 1.1) and hydroxyapatite (HAP, SIHAP = 9.9). The relatively low 
removal efficiency indicates that precipitation is thermodynamically feasible, but kinetically, 
the spontaneous precipitation of ACP and HAP under our experimental conditions, is slow 
and has a significant induction time [70].  
In a closed electrical circuit, the removal of P and Ca was enhanced substantially. The 
removal efficiency of P was almost doubled from 15% in open circuit (0 A/m2) to 27% at 
0.04 A/m2 after 4 days of operation. At 0.1 A/m2, about 53% P was removed. At 0.2 A/m2, 
this value increased to 62%. The corresponding removal of Ca increased from 26% at 0.04 
A/m2 to 46±3% at 0.1 and 0.2 A/m2 (Figure 7.1B). These results demonstrate that 
electrochemical P removal at extremely low current density (≤ 0.2 A/m2) is possible. 
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Figure 7.1. Effects of current density on the removal of (A) PO4-P and (B) Ca. Conditions: 
1.0 mM Ca2+, 0.6 mM PO4-P, 10 mM Na2SO4, Pt-Ti anode and GF-Pt-Ti cathode.  
 
Figure 7.2. SEM image of the (A) fresh (unused) graphite felt and used graphite at a 
magnification of (B) × 350 and (C) × 5500, (D) element mapping of Ca (red), oxygen (cyan) 
and P (yellow) of a randomly chosen fiber on the used graphite felt. 
We further checked the SEM images of used graphite felt and compared it with fresh (unused) 
felt. The SEM images revealed new morphology and species appeared on the used graphite 
felt, which is likely connected to the formation of calcium phosphate solids on the graphite 
felt (Figure 7.2A, 7.2B and 7.2C). This is further confirmed by the EDS data, which shows 
the element distribution over the fresh and used graphite felt. In the fresh graphite felt, the 
main element composition is carbon (>97%, Figure S7.2A). For the used graphite felt, new 
elements including Ca and P were detected (Figure S7.2B). Also, the EDS mapping of a 
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randomly chosen spot of the used graphite felt shows a proper distribution of the three 
elements on the used fiber in the graphite felt (Figure 7.2D), which indicates the strong 
connection between the presence of Ca and PO4. The Raman characterization confirms that 
the new solids on the carbon fibers of the used graphite felt to be crystalline HAP (Figure 
S7.3). The Raman spectrum displaces four distinguishable characteristic internal (PO4) bonds 
of HAP, including the main ν1 (PO4) peak around 960 cm−1 [75].  Also, from the point of 
mass balance, the removed Ca and P in the molar ratio was calculated to be 1.67±0.08, which 
is close to the theoretical Ca/P atomic ratio of HAP (1.67). Therefore, it is confirmed that 
Ca2+ and PO43- form calcium phosphate on the cathode even at such low current density (≤ 
0.2 A/m2). 
7.3.2 Role of graphite felt: adsorption or precipitation?  
Initially, we ascribed the enhanced removal of P at a current density below 0.2 A/m2, in 
comparison with the behavior at open circuit, to electro sorption, as the phenomenon of 
phosphate removal reported here shows similarities with the CDI process for ion removal. 
CDI is a process where ions can be adsorbed to capacitive electrodes. While the GF-Pt-Ti 
cathode is not a typical capacitive electrode, it could still act somehow as a capacitive 
electrode. The graphite felt is known to have a very large specific surface area with its 
structure (see SEM images in Figure 7.2). 
However, electro-enhanced adsorption mechanism was excluded, based on the experiments 
we performed with varied electrolyte (Na2SO4) concentrations (Figure S7.4). If the 
mechanism of CDI played an important role, the increase of background electrolyte 
concentration would lower the adsorption of PO43- and Ca2+, as the introduced Na+ and SO42− 
ions would compete with Ca2+ and PO43− toward the “capacitive” electrodes [154]. According 
to the results showed in Figure S7.4, we excluded the involvement of CDI in our process as 
the influence of electrolyte concentration on the removal of P and Ca was found to be small. 
The slightly decreased removal of Ca and P with increased Na2SO4 concentration is probably 
connected to the effect of ionic strength on the supersaturation of calcium phosphate, as it 
decreased with increased ionic strength [36]. 
The exclusion of CDI mechanism is further supported by the control experiments in the 
absence of calcium ions. The change in phosphate concentration is insignificant in the 
absence of calcium ions at a current density of 0.2A/m2 (Figure S7.5). This indicates the 
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presence of calcium ions is essential for the removal of phosphate, which is unlikely if ion 
adsorption as in CDI would be the dominant mechanism for the removal of phosphate. In 
CDI process, the counter cation does not need to be calcium ion, as sodium ion, for example, 
could be possible as well [154, 155]. Therefore, electro adsorption of phosphate to the 
graphite felt is excluded from the mechanism. In fact, the direction of the electrical field is 
against the diffusion of phosphate (anion) to the cathode, because they both are negatively 
charged.  
To understand which mechanism dominates the removal of phosphate in our electrochemical 
system, it is necessary to understand the role of graphite felt in this process. To elucidate this, 
we further performed control experiments in the absence of graphite felt. The results 
indicated that the combination of graphite felt with Pt-Ti cathode indeed enhanced the 
removal of P. At 0.2 A/m2 the removal efficiency of P with GF-Pt-Ti cathode is 15% higher 
than with Pt-Ti cathode (Figure 7.3A). However, it is not clear what is behind the 
enhancement by the introduction of graphite felt. 
4H2O + 4e− → 4OH− + 2H2↑ (7.2) 
2H2O → 4H+ + O2↑ + 4e−      (7.3) 
H+ + OH− → H2O                   (7.4) 
 
Figure 7.3. Influence of graphite felt (GF) on (A) the removal of phosphate and (B) solution 
pH. Conditions: 1.0 mM Ca2+, 0.6 mM PO4-P, 10 mM Na2SO4, 0.2 A/m2, Pt-Ti anode, GF-
Pt-Ti or Pt-Ti cathode. 
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Looking at the evolution of bulk solution pH, we found that the bulk pH with graphite felt is 
much lower than without graphite felt (Figure 7.3B). Therefore, it seems that graphite felt 
affects the bulk solution pH as the generated hydroxide ions fluxes are retarded in the porous 
felt. At the cathode, hydroxide ions (OH−) were produced by water reduction (eq 7.2) and 
protons (H+) were produced at the anode by water oxidation (eq 7.3). Assuming there were 
no other reactions, the pH of the bulk solution will not change significantly, as the produced 
H+ will recombine with the produced OH−, forming water again (eq 7.4). In our case, the 
precipitation of calcium phosphate will consume OH−. As a result, the bulk pH decreases 
during the treatment process, due to the accumulation of uncombined H+ in the bulk solution, 
regardless of the presence or absence of graphite felt. However, in the presence of graphite 
felt, the diffusion of cathode produced OH− toward the bulk solution was limited. As a result, 
there was more H+ accumulation in the bulk solution. This explains why the bulk solution pH 
is much lower in the presence of graphite felt than in the absence of graphite felt. Also, due 
to the limited recombination between OH− and H+, we can imagine that the local pH at the 
cathode with graphite felt was much higher than without graphite felt. This probably explains 
the better phosphate removal performance of using GF-Pt-Ti cathode than with Pt-Ti cathode, 
giving the fact that negatively charged graphite felt shows no adsorption capacity toward the 
phosphate anion (Figure S7.5).  
Moreover, based on the Raman and SEM-EDS characterization of used graphite felt (Figure 
7.2), we confirmed that calcium phosphate precipitates on the carbon fibers of the graphite 
felt. Therefore, it is likely that a local high pH environment was also created at the graphite 
felt. However, it remains unclear if calcium phosphate precipitation occurs on the Pt-Ti part 
of the GF-Pt-Ti cathode. To check that, we disassembled the used GF-Pt-Ti cathode and used 
acid to dissolve the solids on the Pt-Ti part. According to the mass balance calculation (Text 
S7.1), we confirmed that calcium phosphate precipitation occurred both on the graphite felt 
part and the Pt-Ti part of the GF-Pt-Ti cathode. However, only a small proportion of the 
removed phosphate precipitated with calcium ions on the Pt-Ti part (15%) and most of the 
calcium phosphate precipitates were found on the graphite felt (85%). This suggests that the 
introduction of graphite felt may extend the local high pH environment from the vicinity of 
the Pt-Ti part to the graphite felt environment as well. 
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To conclude, the enhanced removal of phosphate at extremely low current density with GF-
Pt-Ti cathode is due to the influence of the graphite felt on the local pH as well as the 
precipitation area.  
7.3.3 Effect of calcium ions concentration 
Figure S7.5 shows that the removal of phosphate cannot be achieved in the absence of 
calcium ions. This suggests that the removal of phosphate is linked with calcium ions. 
Therefore, the removal of P as a function of Ca concentration was evaluated.  
 
Figure 7.4. (A) Effect of initial Ca concentration on the removal of PO4-P, (B) and removed 
Ca/P molar ratio as a function of electrolysis time. Conditions: 1.0 mM Ca2+, 0.6 mM PO4-
P, 10 mM Na2SO4, 0.2 A/m2, Pt-Ti anode, GF-Pt-Ti cathode. 
As shown in Figure 7.4A, the removal efficiency of P decreased by 19% when the Ca 
concentration was reduced from 1.0 mM to 0.5 mM. However, the increase of Ca 
concentration from 1.0 mM to 1.5 mM and further to 2.0 mM does not affect the process very 
much, as can be seen from the overlapped removal trend of P with 1.0, 1.5, and 2.0 mM Ca. 
The most stable phase of calcium phosphate species is HAP, which has a Ca/P atomic ratio 
of 1.67 [35]. Theoretically, 1.0 mM Ca is able to precipitate 0.6 mM P. Therefore, if the 
initial Ca/P molar ratio is higher than 1.67, the further increase of Ca/P molar ratio through 
increasing Ca2+ concentration will not result in an obvious increase of P removal, which is 
because there is enough Ca2+ in the bulk solution for calcium phosphate precipitation. 
However, if the initial Ca/P molar ratio is decreased through decreasing Ca2+ concentration, 
i.e., at 0.5 mM Ca (the initial Ca/P ratio decreased from 1.67 to 0.83), this will not only reduce 
the driving force for calcium phosphate precipitation but also in terms of stoichiometry, 0.5 
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mM Ca is not able to precipitate 0.6 mM PO4-P. As a result, the P removal efficiency 
decreased significantly from 63% with 1.0 mM Ca to 44% with 0.5 mM Ca.  
Looking at the absolute removal of Ca and P expressed in Ca/P molar ratio (Figure 7.4B), 
we found that this ratio is stable around 1.64 ± 0.03 after 4 days’ treatment, regardless of the 
initial Ca concentration. This ratio is consistent with the stoichiometric Ca/P atomic ratio of 
HAP (1.67), which indicates that the removed PO43- and Ca2+ may end up in the formation of 
HAP. Interestingly, looking at the evolution of removed Ca/P molar ratio over the 4 days’ 
treatment with various Ca concentration, we can see that this ratio is relatively high when the 
initial molar ratio of Ca/P in the bulk solution is high. For instance, in the first day, the ratio 
decreased in the order of 2.0 mM Ca (1.95) > 1.5 mM Ca (1.81) > 1.0 mM (1.67) > 0.5 mM 
(1.56). A ratio higher than the stoichiometric ratio (1.67) indicates there might be other 
mechanisms for the removal of Ca, in addition to its precipitation with phosphate. This 
phenomenon may be explained by the electrostatic interaction of positive charged Ca2+ with 
negatively charged graphite felt (cathode), especially at the beginning of operation when both 
Faradaic and non-Faradaic reactions occur. The non-Faradic reaction might also contribute 
to the removal of Ca and thus a ratio over stoichiometric required Ca/P ratio for calcium 
phosphate precipitation is observed at the initial stage. However, the end removal of Ca is 
similar when the initial Ca concentration was higher than 1.0 mM, with 0.63, 0.65 and 0.67 
mM Ca being removed at 1.0, 1.5 and 2.0 mM Ca, respectively (Figure S7.6). The 
independent removal of Ca in the absolute amount on its concentration after 1.0 mM indicates 
the removal of Ca is also connected to the removal of phosphate. Under a certain 
concentration of phosphate (i.e., 0.6 mM), the removal of Ca is also limited, even the Ca 
concentration is above the stoichiometric requirement. From the results presented here and 
above, we concluded that the removal of P and Ca is mainly because of calcium phosphate 
precipitation instead of electro adsorption.  
7.3.4 Efficiency in real wastewater  
The feasibility of the low current density system in real wastewater was confirmed. We dosed 
extra phosphate to the effluent so that the real wastewater has the same phosphate 
concentration as the synthetic solutions. The main composition of the wastewater after 
spiking phosphate is 18.4 mg/L P, 81.8 mg/L Ca, and 18.6 mg/L Mg. By applying a low 
current density of 0.2 A/m2, the P concentration decreased by 76% from 18.4 to 4.4 mg/L 
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after 4 days treatment (Figure 7.5), which is accompanied by the removal of 40% Ca and 11% 
Mg. The removal efficiency of P in the effluent (76%) was even higher than its removal in 
synthetic solutions (68%, see Figure 7.4) in the presence of 2 mM Ca (80 mg/L). These 
preliminary results indicate that the low current system is also suitable for complicated water 
matrices. Based on the previously developed calculation approach [147], the recovered 
precipitates consist of 66% Ca5(PO4)3OH, 29% CaCO3, and 5% Mg(OH)2. Therefore, the use 
of a low current density is a possible way to reduce the co-precipitation of CaCO3 and 
Mg(OH)2 in electrochemical phosphorus recovery from real wastewater.  
 
Figure 7.5. Electrochemical removal of P, Ca and Mg from real domestic wastewater. 
Conditions: 0.2 A/m2, Pt-Ti anode and GF-Pt-Ti cathode. Extra phosphate was dosed to the 
wastewater, so it has same P concentration as the synthetic solutions. 
7.4 Saved energy consumption 
The motivation of this research is to reduce the high energy consumption in electrochemical 
P recovery in our previous work. Therefore, we calculated the specific energy consumption 
of electrochemical P recovery at very low current density (≤ 0.2 A/m2) with and without 
graphite felt. It was found that the specific energy consumption lies in the range of 4.4 to 24.2 
kWh/kg P (Figure S7.7). The energy consumption was reduced by almost half from 24.2 ± 
2.1 to 12.2 ± 0.88 kWh/kg P, simply by the combination of graphite felt with Pt-Ti cathode. 
With GF-Pt-Ti cathode, the specific energy consumption decreased with the increase of 
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applied current density. The lowest specific energy consumption was as low as 4.4 kWh/kg 
P and was achieved at 0.04 A/m2. This specific energy consumption is 2 orders of magnitude 
lower than in our previous system that was operated at relatively high current density and 
using titanium plate cathode for treating real domestic wastewater (110 to 2238 kWh/kg P) 
[151]. In comparison with the CDI process, this specific energy consumption is comparable 
to a previously reported membrane CDI system (1.5-7.0 kWh/kg P) where a much higher P 
concentration (16.1 mM) was targeted [154] and even lower than a commercial CDI system 
(7.0 kWh/kg P) [155]. We conclude that a simple yet feasible way to construct an energy-
efficient electrochemically P recovery system is to use a carbon felt based cathode and 
operating the system at a very low current density (≤ 0.2 A/m2). While the performance of 
such a system in real life and the associated challenges need to be further addressed in future 
studies, the substantially reduced energy consumption in electrochemical P removal is a 
significant step toward its real application. 
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Supporting information 
 
Text S7.1 Mass balance calculation regarding the distribution of removed P on Pt-Ti 
part and graphite felt part of the GF-Pt-Ti cathode 
The GF-Pt-Ti cathode as used was disassembled in two parts including the graphite felt part 
and the Pt coated Ti mesh disk (named as Pt-Ti part). We used nitric acid (1 M) to dissolve 
the solids on the Pt-Ti part and then diluted the acidic solution in a 500 mL flask with 
deionized water. The concentrations of Ca and P were analyzed by ICP-AES.  
The detected P and Ca concentrations were 3.12 and 6.37 mg/L. The P content in the Pt-Ti 
part was 3.12 mg/L × 500 mL = 1.56 mg.  
In the meantime, the removed absolute amount of P, based on the difference of P 
concentration before and after treatment, was calculated to be 10.62 mg. The percentage of 
removed P on the Pt-Ti part was (1.56/10.62) = 14.7%. Similarly, the percentage of removed 
P on the graphite felt was ((10.62-1.56)/10.62)) = 85.3%. 
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Figure S7.1. (a) Schematic overview of the electrochemical setup, (b) configuration of the 
graphite combined Pt-Ti cathode, (c) illustration of the Pt-Ti mesh disk anode.  
 
 
Figure S7.2. Element compositions of the (A) fresh and (B) graphite felt as used, analyzed 
by element dispersive X-ray spectroscopy (EDS). 
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Figure S7.3. Raman spectra of the deposits on the carbon fiber of the used graphite felt. The 
spectra are in good match with hydroxyapatite. 
 
 
Figure S7.4. Effects of Na2SO4 concentration on the removal of (A) PO4-P and (B) Ca. 
Conditions: 1.0 mM Ca2+, 0.6 mM PO4-P, 0.2 A/m2, Pt-Ti anode and GF-Pt-Ti cathode. 
Electrochemical phosphate removal in the presence of calcium at low current density
51
Ch
ap
te
r 7
Electrochemical phosphate removal in the presence of calcium at low current density 
 
148 
 
 
Figure S7.5. Removal of phosphate in the absence of calcium ions. Conditions: 0 mM Ca2+; 
0.6 mM PO4-P; 10 mM Na2SO4, 0.2 A/m2; Pt-Ti anode and GF-Pt-Ti cathode. 
 
 
Figure S7.6. Electrochemical removal of Ca as a function of Ca concentration. Conditions: 
0.6 mM PO4-P; 10 mM Na2SO4; 0.2 A/m2; Pt-Ti anode and GF-Pt-Ti cathode.  
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Figure S7.7. Calculated specific energy consumption based on phosphate removal efficiency, 
applied current and recorded cell voltage (not given in Figure). 
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Abstract 
Phosphonates are an important type of phosphorus-containing compounds and have possible 
eutrophication potential. Therefore, the removal of phosphonates from waste streams is as 
important as orthophosphate. Herein, we achieved simultaneously removal and recovery of 
phosphorus from nitrilotris (methylene phosphonic acid) (NTMP) using an electrochemical 
cell. It was found that the C-N and C-P bonds of NTMP were cleaved at the anode, leading 
to the formation of orthophosphate and formic acid. Meanwhile, the converted 
orthophosphate reacted with coexisting calcium ions and precipitated on the cathode as 
recoverable calcium phosphate solids, due to an electrochemically induced high pH region 
near the cathode. Electrochemical removal of NTMP (30 mg/L) was more efficient when 
dosed to effluent of a wastewater treatment plant (89% in 24 h) than dosed to synthetic 
solutions of 1.0 mM Ca and 50 mM Na2SO4 (43% in 168 h) while applying a current density 
of 28 A/m2 and using a Pt anode and Ti cathode. The higher removal efficiency of NTMP in 
real wastewater is due to the presence of chloride ions, which resulted in anodic formation of 
chlorine. This study establishes a one-step approach for simultaneously phosphorus removal 
and recovery of calcium phosphate from non-orthophosphates. 
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8.1. Introduction 
Phosphorus (P) is an essential element for all forms of life, but its reserves are limited on our 
planet. In particular, modern agricultural industry depends heavily on using P fertilizer to 
secure food production for the increasing global population. Unfortunately, phosphate 
reserves are projected to run out in a few hundred years [1]. Meanwhile, the widespread use 
of P fertilizer and many other P products often result in a load of excess P in receiving water 
bodies, causing eutrophication of such aquatic systems [156]. To sustain the use of P and 
guarantee food supply, it is necessary to recover and reuse the P in waste streams [7, 10]. 
While there have been plenty of studies addressing P removal and recovery from wastewaters, 
the focus was mainly on orthophosphate, which can be relatively easily removed by enhanced 
biological phosphorus removal, precipitation, or adsorption [22, 23, 157]. 
However, in terms of non-orthophosphates, we are not aware of any approaches which can 
achieve simultaneously P removal and recovery in a single step. A recent review article 
pointed out that no technique currently has been implemented for the recovery of P from non-
orthophosphates [158]. 
However, though the relative fractions of non-orthophosphates are widely variable, non-
orthophosphates can be one of the main P fractions in many aquatic ecosystems [159]. A 
recent survey in an eutrophic lake revealed the widespread presence of non-orthophosphates 
[160]. Non-orthophosphates are also detected in the remote marine environment at 
unexpectedly high concentrations [161]. 
Non-orthophosphate compounds are typically characterized by the presence of C-P bond in 
their molecular structures [159, 162]. Unlike orthophosphate, the reactivity of non-
orthophosphates is relatively low and is generally grouped as nonreactive phosphorus. 
However, in the last decade, non-orthophosphates were conceived as a potential bioavailable 
P [163]. Indeed, when subjected to enzymatic degradation or photochemical conversion, the 
bioavailability of non-orthophosphates to plants, microorganisms, and algae may be 
enhanced substantially [158, 159, 162, 164]. Therefore, non-orthophosphates may be partly 
responsible for the eutrophication of water bodies. 
Nonetheless, non-orthophosphates are not targeted by the existing treatment process in 
wastewater treatment plants. Instead, they are mainly removed through uncontrolled 
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adsorption to sludge [158, 165]. To prevent eutrophication, many countries set a strict limit 
for P discharge, for example, as low as 10 μg/L in eco-sensitive areas [166]. The presence of 
non-orthophosphates makes it difficult to meet the discharge standard [158, 167]. Also, from 
the point of resource recovery, all forms of P need to be recovered and reused. Yet, studies 
on P removal and recovery from non-orthophosphates are rarely reported. This is probably 
due to the overlooked role of non-orthophosphates on eutrophication and the technical 
challenge in recovering P from non-orthophosphates. A few exceptions were the use of 
advanced oxidation processes as pretreatment to convert non-orthophosphate to 
orthophosphate [168-170]. However, to our knowledge, there are no approaches which can 
achieve a one-step P removal and recovery from non-orthophosphates. 
Lei et al. established an electrochemical method for the removal and recovery of 
orthophosphate by electrochemically induced calcium phosphate precipitation [32, 89, 119, 
147]. The principle of this method is that a high pH environment in the vicinity of the cathode 
was created [89]. Due to the high local pH, calcium ions and phosphate precipitate on the 
cathode surface. In this electrochemical process, however, the function of the anode has not 
been explored. Drawn from the knowledge of electrochemical treatment of (micro)organic 
pollutants [171, 172], it may be possible to use the anode to oxidative break down the 
molecular structure of non-orthophosphate compounds, converting non-orthophosphate to 
orthophosphate by anodic (-mediated) oxidation. Subsequently, phosphate may precipitate 
with coexisting calcium ions at the cathode. It should be noted that calcium ions are widely 
present, both in natural and engineered aquatic systems. Therefore, in practice, the addition 
of calcium ions is not required. 
Nitrilotris (methylene phosphonic acid) (NTMP) is a widely used antiscalant. In 1998, 56,000 
ton phosphonic acids were consumed worldwide. In 2012, this value increased by 70% to 
94,000 ton [165]. Yet, phosphonates are not significantly degraded in wastewater treatment 
plants. The most common way for the treatment of phosphonates is adsorption [173]. 
However, the adsorption of phosphonates by adsorbents only achieves the removal of 
phosphonates but not the recovery of P from phosphonates. 
Here, we chose NTMP as an environmentally relevant non-orthophosphates compound [170], 
investigated the feasibility and mechanism of P removal and recovery from phosphonates via 
a simple electrochemical treatment. Our study established a one-step approach for 
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simultaneously P removal and recovery from non-orthophosphate. This may offer new 
options for treating non-orthophosphate containing waste streams and could be a significant 
step toward a circular P economy via the recovery of both orthophosphate and non-
orthophosphate. 
8.2. Material and methods 
8.2.1 Setup 
Figure S8.1 gives an overview of the configuration of the electrochemical cell. The 
electrochemical cell consisted of a single cylindrical glass reactor (1.0 L). The cathode was 
placed 3 cm below the anode and located in the center of the reactor. The solutions in the 
reactor were mixed by a recirculation pump (Masterflex L/S digital economy drive, Germany) 
at 150 mL/min. The electrochemical cell was operated under constant current density (28 
A/m2) and the needed cell voltage was provided by a power supply (ES 030-5, Delta 
elektronics B.V, The Netherlands). 
8.2.2 Electrodes 
The typical anode was a Pt-coated (20 g/m2) Ti disc (thickness 0.1 cm, Ø 8 cm). A 
perpendicular 12 cm rod (Ø 3 mm) of the same material was welded on the center as current 
collector. Ru-Ir (10 g/m2) mixed metal oxide (MMO) and Pt-Ir (10 g/m2) MMO were 
investigated as alternative anode materials. The cathode was an uncoated Ti square plate 
(grade A, thickness 0.1 cm, 6 × 6 cm). All electrodes were provided by MAGNETO Special 
Anodes BV (Schiedam, The Netherlands). 
8.2.3 Chemicals 
Nitrilotris (methylene phosphonic acid) (N[CH2PO(OH)2]3, NTMP) was purchased from 
Sigma-Aldrich and used as received. Ca(NO3)2·4H2O and NaClO4 were acquired from Merck 
(Germany). Na2SO4, NaCl and NaOH were purchased from VWR (Leuven, Belgium). 
8.2.4 Batch experiments 
We conducted all experiments with 1.0 L synthetic solutions in the as-described 
electrochemical cell. The typical synthetic solutions contained 30 mg/L NTMP (0.3 mM P), 
1.0 mM Ca2+ and 50 mM Na2SO4, prepared by dissolving analytical grade chemicals in 
deionized water (18.2 MΩ·cm, Millipore). In some experiments, NaClO4 or NaCl were used 
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as background electrolyte. In the section of proof of principle, we applied a higher NTMP 
concentration (100 mg/L), in order to collect enough precipitates for the subsequent 
characterization of solids. We also examined the removal of NTMP by conventional chemical 
precipitation (no current applied). Where necessary, we used concentrated NaOH to adjust 
the pH. A typical batch test lasted seven days. After each test, the cathode was cleaned by 
immersing in acidic solution and then rinsed with deionized water. All experiments were 
carried out at least in duplicate. The data were expressed as mean and standard deviation of 
independent tests. 
8.2.5 Analytical methods  
We used ICP-AES (Optima 5300 DV, Perkin Elmer) to quantify the concentrations of P and 
Ca. The detection limits were 20 μg/L and 50 μg/L, respectively. We used two types of 
cuvettes LCK 349 (0.05 to 5 mg/L PO4-P) and LCK 350 (2 to 20 mg/L PO4-P) (Hach) to 
measure the concentration of ortho-phosphorus (PO4-P). We applied ionic chromatography 
(Compact IC 761, Metrohm) to check the concentration of Cl−. The ionic chromatography 
was equipped with a Metrohm Metrosep A Supp 4/5 Guard pre-column, a Metrohm Metrosep 
A 112 Supp 5 (150/4.0 mm) column and a conductivity detector. We used ultra-high-pressure 
liquid chromatography (UHPLC) to quantify the concentration of low molecular weight acids. 
The UHPLC was equipped with a phenomenex Rezex Organic Acid H+ (300 x 7.8 mm) 
column, an Ultimate 3000 RS Column Compartment column oven and an Ultimate 3000 RS 
Variable Wavelength Detector. The detection limit for formic acid and acetic acid was 0.5 
mg/L. 
8.2.6 Characterization of solids 
After the electrochemical treatment, the cathode was dried at room temperature for 24 h. 
Then the solids on the cathode were collected by gentle scraping. The solid precipitates on 
the cathode were only collected at increased NTMP concentration (100 mg/L). In this case, 
enough solids could be collected for solid characterization. We checked the bond information 
of the solids by Raman Spectroscopy and X-ray diffraction (XRD), examined its morphology 
by scanning electron microscopy (SEM) and determined its elemental composition with 
energy dispersive X-Ray spectroscopy (EDS). Details about the instruments can be found 
elsewhere [32, 89]. 
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8.3. Results and discussion 
8.3.1 Proof of principle 
We first investigated the possibility of removing NTMP in the presence of calcium ions by 
conventional chemical precipitation, which is supposed to be triggered by increasing solution 
pH. However, as can be seen from Figure S8.2, in the absence of electric current, no NTMP 
was removed at background pH of 3.6. Even with an increase of solution pH to 10 or 12, we 
did not observe an obvious removal of NTMP. This means that merely adjusting the pH does 
not work for the removal of phosphonates. It is worth to mention, however, that this may 
only be the case for calcium ions. The use of iron or aluminum salts, which could form 
coagulants at specific pHs, may be able to remove phosphonates to some extent [174]. 
However, in our approach, we focus on getting phosphonates removed as recyclable calcium 
phosphate minerals instead of aluminum or iron phosphate, which has low bioavailability for 
phosphorus uptake by plants. 
At 28 A/m2 applied, the concentrations of P and Ca decreased simultaneously over the 
treatment period (Figure 8.1A). After seven days’ treatment, 41.3% P and 56.8% Ca were 
removed. The analysis of orthophosphorus (PO4-P) concentration clearly shows the 
difference between chemical precipitation and electrochemically mediated precipitation. In 
the chemical precipitation process, the concentration of PO4-P is below the detection limit 
(50 μg/L). This explains why chemical precipitation by adjusting pH does not work for the 
non-orthophosphate. As the P in NTMP is connected to carbon (C-P bond), it is not available 
to Ca. 
In contrast, in the electrochemical system, we found an increase of PO4-P concentration up 
to 4.12 mg/L during the initial two days and then a gradual decrease over the next days. The 
detection of PO4-P indicates the conversion of non-orthophosphate to orthophosphate under 
electrochemical treatment. The decrease of PO4-P concentration afterwards is associated with 
its precipitation with calcium ions as calcium phosphate on the cathode, which is triggered 
by the increased local high pH during water electrolysis process [32, 89]. Indeed, we found 
white precipitates on the cathode after electrochemical treatment. 
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Figure 8.1. (A) Evolution of ortho-phosphorus (PO4-P), removal of phosphorus, and calcium 
in the electrochemical treatment of NTMP. (B) XRD, (C) Raman pattern, (D) SEM image, 
and (E) element distribution on the collected precipitates. Conditions: 100 mg/L NTMP, 1.0 
mM Ca2+, 50 mM Na2SO4, pH0 3.6, titanium cathode (36 cm2), platinum coated titanium 
anode, current density 28 A/m2. 
The XRD pattern of the collected solids shows a broad peak around 2𝜃𝜃 = 30° (Figure 8.1B), 
which is likely linked to the amorphous phase of calcium phosphate that we have seen before 
Chapter 8
162
Chapter 8 
 
159 
 
[120]. This assumption is supported by the Raman spectrum (Figure 8.1C), which displays 
all characteristic internal (PO4) bonds information of calcium phosphate including a main ν1 
(PO4) peak around 955 cm−1 [75]. The observed frequency of the ν1 (PO4) model is deviated 
from the ν1 (PO4) model of hydroxyapatite (962 cm−1), indicating the precipitates indeed are 
amorphous calcium phosphate [75]. Moreover, the formation of calcium phosphate is further 
evidenced by SEM-EDS characterization. From the SEM images (Figure 8.1D), we can see 
the aggregation of irregular spherical shaped particles, which is typically seen for amorphous 
calcium phosphate [89]. EDS mapping of the precipitates shows that P, Ca and O atom are 
well distributed over the collected solids (Figure 8.1E). Furthermore, according to the mass 
balance calculation, the Ca/P atomic ratio in the precipitates is around 1.37. This is consistent 
with the EDS result, which indicates a Ca/P atomic ratio of 1.32 in the collected precipitates 
(Figure S8.3). In conclusion, we confirmed that by electrochemical treatment, the non-
orthophosphate was converted into orthophosphate and then precipitated with coexisting 
calcium ions as amorphous calcium phosphate on the cathode. 
8.3.2 Boosting performance 
8.3.2.1 Influence of anode material 
In electrochemical systems, the electrode material plays a crucial role in its electrochemical 
performance [175]. In our system, the anode plays a major role in the anodic conversion of 
NTMP to orthophosphate. If the non-orthophosphate (NTMP) was not converted to 
orthophosphate, the cathode, although having a high pH environment, cannot result in the 
precipitation of calcium ions with NTMP. The catalytic behavior of the anode material 
toward oxidation of NTMP is therefore crucial for the performance of the whole system. 
We performed experiments with different MMO anodes (Ir-Pt or Ru-Ir) and compared their 
efficiencies with the Pt anode, in terms of the evolution of PO4-P, removal of P and Ca. 
Figure 8.2A suggests that the formation of orthophosphate was enhanced substantially using 
MMO anodes. The maximum detected PO4-P concentration increased from 1.6 mg/L with Pt 
anode to 1.8 mg/L with MMO Ir-Pt anode and further to 3.5 mg/L with MMO Ru-Ir anode. 
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Figure 8.2. Influence of anode material on the evolution of PO4-P in the (A) presence and 
(B) absence of calcium ions, the removal of (C) P, and (D) Ca in electrochemical treatment 
of NTMP. Conditions: 30 mg/L NTMP; 1.0 mM Ca2+; 50 mM Na2SO4; pH0 4.0. titanium 
cathode (36 cm2); current density 28 A/m2. 
In the absence of calcium ions, the difference in the evolution of orthophosphate is even more 
obvious (Figure 8.2B). This is because the converted orthophosphate from NTMP will not 
be removed by calcium phosphate precipitation which happens in the presence of calcium 
ions. The maximum PO4-P concentration was in the order of Ru-Ir (6.9 mg/L) > Ir-Pt (5.6 
mg/L) > Pt (4.1 mg/L). The converted phosphate from NTMP corresponds to a conversion 
efficiency of non-orthophosphate to orthophosphate of 73.6% with MMO Ru-Ir anode, 
followed by MMO Ir-Pt anode (57.6%) and Pt anode (43.5%). Due to the improved formation 
of PO4-P, the accompanied calcium phosphate precipitation was also enhanced. According 
to the kinetic modeling (Figure S8.4), the apparent rate constant of electrochemical removal 
of P from NTMP decreased in the order of Ru-Ir (0.00592 h-1) > Ir-Pt (0.00360 h-1) > Pt 
(0.00264 h-1). The overall removal of P reached 47.8% with Pt anode, 65.9% with Ir-Pt anode 
and 76.8% with Ru-Ir anode (Figure 8.2C). Similarly, as shown in Figure 8.2D, the removal 
efficiency of Ca increased from 19.2% (Pt) to 26.5% (Ir-Pt) and further to 41.8% (Ru-Ir). 
Chapter 8
164
Chapter 8 
 
161 
 
We conclude that the performance of the three different anode materials decreases in the 
order of Ru-Ir > Ir-Pt > Pt. The same trend was observed in the electrochemical conversion 
of micro-organic pollutants where the same electrodes were employed [176]. The difference 
in performance in the conversion of non-orthophosphate to orthophosphate, removal of P, 
and Ca of the three employed anode materials is probably connected to their anodic oxidation 
mechanisms or anodic-mediated oxidation ability toward NTMP. In the electrochemical 
system, oxygen evolution will compete with NTMP oxidation at the anode surface. Pt is a 
well known material that has a low overpotential toward oxygen evolution. As such, Pt anode 
shows a poor oxidation toward NTMP. However, the use of MMO anodes may result in the 
formation of chemical or even physical adsorbed hydroxyl radicals (•OH) [172], which are a 
very powerful oxidant. Hence, the performance of electrochemical destruction of NTMP and 
the associated P recovery as calcium phosphate were enhanced dramatically by using Ru-Ir 
anode. 
8.3.2.2 Influence of electrolyte 
Given the fact that non-orthophosphates may be present in different water matrices, the 
performance of electrochemical P recovery from NTMP was evaluated in various 
background electrolytes (Figure 8.3). We found that in the presence of NaCl, the removal 
efficiency of P (Figure 8.3A), the formation of PO4-P (Figure 8.3B) and the associated 
removal of Ca (Figure 8.3C) were boosted. The apparent rate constant of P removal in with 
50 mM NaCl is 0.01577 h-1, which is even three times faster than with Ru-Ir anode in Na2SO4 
electrolyte (Figure S8.4 and Table S8.1). In just two days, 60.7% P of NTMP and 35.0% Ca 
were removed and precipitated as solid calcium phosphate on the cathode. After four days’ 
treatment, the removal of P and Ca reached 96.7% and 56.6%, respectively. The substantially 
enhanced removal of P in the presence of NaCl is probably due to the role of chloride anion. 
Chloride can be oxidized at the anode, forming Cl2. In parallel, a series of chain reactions 
may result in the formation of other reactive chlorine species, i.e., ClO− [172]. These active 
chlorine species are known as strong oxidants and could oxidize NTMP molecules, 
converting non-orthophosphate to orthophosphate. In the case of NaClO4, no reactive 
chlorine species can be formed. Then the conversion of non-orthophosphate to 
orthophosphate will completely rely on direct electron transfer from NTMP to the anode 
and/or surface bounded radicals, although the later mechanism is likely to be limited. The Pt 
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anode is not a good candidate for producing surface-bounded free radicals, due to its low 
overpotential for oxygen evolution [177]. Therefore, the oxygen evolution reaction competes 
with the oxidation of NTMP by Pt anode. As a result, the lowest removal efficiency was 
found within inert NaClO4 electrolyte. In the case of Na2SO4, although previous research 
suggested that persulfate and subsequent H2O2 could be formed [178], the contribution of 
such oxidants to the conversion of non-orthophosphate should be negligible, based on the 
fact that there is no significant difference between Na2SO4 and NaClO4. 
 
Figure 8.3. Influence of electrolyte on the removal of (A) P and (C) Ca, and evolution of 
PO4-P in the (B) presence and (D) absence of calcium ions in electrochemical treatment of 
NTMP. Conditions: 30 mg/L NTMP; 1.0 mM Ca2+; 50 mM Na2SO4 or NaClO4 or NaCl; pH0 
4.0; titanium cathode (36 cm2); platinum coated titanium anode; current density 28 A/m2. 
We further confirmed the function of Cl− by looking at the evolution of PO4-P in the absence 
of calcium ions (Figure 8.3D). While the formation of PO4-P in the cases of NaClO4 and 
Na2SO4 is slow and incomplete, the conversion efficiency of non-orthophosphate to 
orthophosphate in the presence of NaCl is much higher. In six hours, the PO4-P concentration 
reached 8.6 mg/L, which corresponds to a conversion efficiency of non-orthophosphate to 
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orthophosphate of about 91.9%. This efficiency is almost three times higher than with 
NaClO4 or Na2SO4 electrolyte. The overlapping PO4-P evolution trend between NaClO4 and 
Na2SO4 excludes the potential contribution of SO42− induced reactive oxidants (i.e., 
persulfate) in NTMP degradation. While not being tested, we can imagine that the 
performance could be further boosted if we combine the use of Ru-Ir anode with NaCl 
electrolyte. 
8.4. Mechanistic study  
The conversion of phosphonate to orthophosphate was not caused by radicals in the bulk 
solution. We examined this by adding methanol. Methanol is a well-known quenching agent 
for free radicals (i.e., •OH) in bulk solutions [179]. However, the addition of 100 mM 
methanol has no significant influence on the evolution of PO4-P and removal of P (Figure 
8.4A), indicating that the conversion of NTMP to PO4-P is a surface-based reaction between 
anode and NTMP [177, 179]. In addition, free radicals (i.e., •OH) are not the main oxidant 
species for the conversion of NTMP to orthophosphate. 
 
Figure 8.4. (A) Influence of methanol on the evolution of ortho-phosphorus (PO4-P) and 
removal of P in electrochemical treatment of NTMP. (B) Evolution of PO4-P and HCOOH 
in the absence of calcium ions in the presence of ethanol. Conditions: 30 mg/L NTMP, 0 mM 
Ca2+; 50 mM Na2SO4; 100 mM methanol or ethanol; pH0 4.0; titanium cathode (36 cm2); 
platinum coated titanium anode; current density 28 A/m2. 
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Instead, the conversion of NTMP is likely to happen via an electrochemical mediated electron 
transfer from NTMP to the anode. The evolution of orthophosphate indicates the cleavage of 
the C-P bond of NTMP molecules. We monitored the evolution of low molecular weight 
organic acids. It was found that formic acid (HCOOH) was formed. The formation of formic 
acid indicates the breakdown of both C-P and C-N bonds. The cleavage of the two bonds was 
also observed in manganese catalyzed degradation of NTMP [180] and also in iron mineral 
induced degradation of other phosphonate compounds [181]. However, it is not clear which 
bond is broken first. It should be noted that the cleavage of C-N bond alone will not generate 
phosphate and formic acid. Assuming the two bonds were cleaved at the same time, the 
generated mole concentration of phosphate and formic acid should be same, providing that 
the subsequent conversion of formic acid to CO2 and precipitation of phosphate with calcium 
ions were prevented. Therefore, we did control experiments by adding ethanol to the system 
in the absence of calcium ions. Without calcium ions, the converted PO4-P will not be 
consumed. The presence of ethanol will result in the formation of acetic acid (CH3COOH) 
instead of formic acid. Therefore, we can correlate the formation of formic acid and the 
oxidation of NTMP (Figure S8.5). More importantly, the addition of a high concentration of 
ethanol will inhibit the conversion of formic acid to CO2. In this case, the comparison of 
ortho-phosphorus concentration (mM) with formic acid will be able to reveal the cleavage of 
C-P and C-N bonds. As shown in Figure 8.4B, the formed PO4-P concentration is higher 
than HCOOH concentration in the whole process. Therefore, it is likely that the C-P bond 
was attacked first and then the C-N bond. This could also be explained by the relevant bond 
energies. Theoretically, the C-N bond has a higher bond energy than the C-P bond, 305 
kJ/mol vs. 264 kJ/mol. 
Based on the above discussion, a schematic diagram of proposed reaction pathways coupling 
oxidation and precipitation is illustrated in Figure 8.5. Firstly, NTMP is partly converted to 
phosphate by direct anodic oxidation (i.e., electron transfer) or through anodic-mediated 
oxidation (i.e., via Cl2) at the anode, depending on the background electrolyte and the 
catalytic nature of the anode material. Meanwhile, due to the reduction of water molecules at 
the cathode, which generates H2 and hydroxide ions (OH−), a local high pH environment is 
established in the vicinity of the cathode. Secondly, the converted orthophosphate reacts with 
coexisting calcium ions, forming calcium phosphate solids on the cathode surface, driven by 
the local high pH. In this way, the conversion of non-orthophosphate to orthophosphate and 
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its subsequent recovery as recyclable calcium phosphate solids were achieved simultaneously 
by combining the functions of both electrodes. 
 
Figure 8.5. Electrochemically mediated calcium phosphate precipitation from phosphonate 
is coupled with the conversion of non-orthophosphate to orthophosphate and its subsequent 
precipitation with calcium ions on the cathode. 
8.5 Environmental implications 
We further investigated the efficiency of this system in a complicated environment by adding 
NTMP to the effluent of the local wastewater treatment plant. The total soluble P 
concentration in the effluent increased from less than 0.5 mg/L to 9.3 mg/L after adding 30 
mg/L NTMP. As shown in Figure S8.6, by electrochemical treatment, the total P 
concentration decreased from 9.3 ± 0.2 to 3.5 ± 0.3 mg/L in 24 h and to 1.0 ± 0.1 mg/L in 48 
h, which corresponds to a removal efficiency of 63% in 24 h and 85% in 48 h. Meanwhile, 
the Ca concentration in the effluent decreased from 49 ± 1.2 to 15 ± 1.3 mg/L in 24 h and to 
7.2 ± 3.3 mg/L in 48 h. The removal of the phosphonate in the real environment (Figure S8.6) 
is even faster than in synthetic solutions which do not contain chloride ions. This is probably 
due to the presence of Cl− in the real environment that results in the formation of chlorine 
and/or other potential active chlorine species, which could oxidize NTMP molecules, 
converting phosphonates to orthophosphate. The decrease of Cl− concentration in the 
wastewater supports the formation of Cl2 gas in this process (Figure S8.6). It should be noted 
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that no external Ca source was dosed. The preliminary results in real wastewater highlight 
the promising feasibility of removing non-orthophosphate from complicated water matrices 
by a simple electrochemical treatment. The non-orthophosphate (i.e., phosphonates) could be 
converted to orthophosphate and then precipitated with coexisting calcium ions on the 
cathode in the form of calcium phosphate solids. The calcium phosphate solids could be 
collected and then used as a raw material for producing P fertilizer. In this way, the removal 
of non-orthophosphates and the recovery of P from non-orthophosphates were achieved in a 
single reactor by a simple electrochemical treatment. The findings in this study may be 
applied to other organic phosphorus-containing compounds as well like 1-hydroxyethylidene 
diphosphonic acid and diethylenetraiamine penta (methylene phosphonic acid) as used in 
household cleaning products, personal care products, industrial cleaning process, and as 
water treatment additives in various applications. While the feasibility of this system in real 
wastewaters needs to be further addressed in future studies in terms of efficiency and energy 
consumption, the proof of principle of this electrochemical approach may offer a simple yet 
efficient solution for addressing the possible eutrophication potential of non-orthophosphates. 
Moreover, the electrochemical recovery of P from non-orthophosphates may contribute to a 
circular P economy via the recovery of not only inorganic phosphate but also other groups of 
phosphorus-containing compounds (i.e., phosphonates). 
8.6. Conclusions 
Here, we demonstrated that electrochemical treatment of non-orthophosphate compounds 
could result in one-step phosphorus recovery in the form of calcium phosphate. At the anode, 
the non-orthophosphate was converted to inorganic orthophosphate. At the cathode, due to 
water reduction, a local high pH was established. Then the converted inorganic phosphate 
reacted with coexisting calcium ions and precipitated as calcium phosphate solids on the 
cathode. The performance of the electrochemical approach was affected by the catalytic 
nature of the anode material and the background electrolyte. The use of Ru-Ir anode or the 
presence of Cl− ions can boost the performance of the electrochemical approach.  
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Supporting information 
 
 
Figure S8.1. Schematic view of the electrochemical cell. The cathode was located below the 
anode. A pump was used to mixing the solutions inside the reactor. 
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Figure S8.2. Removal profile of P in the absence of current by chemical precipitation, pH 
was adjusted by concentrated NaOH. Almost no removal of P can be seen in chemical 
precipitation process. Conditions: 100 mg/L NTMP; 1.0 mM Ca2+; 50 mM Na2SO4.  
 
 
Figure S8.3. Element composition of the collected solids detected by energy dispersive X-
ray spectroscopy. The Ca/P atomic ratio of the solids was determined to be 1.32. 
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Figure S8.4. Influence of anode material and electrolyte on the removal of organic 
phosphorus in the electrochemical system. Conditions: 30 mg/L NTMP; 1.0 mM Ca2+; 
titanium cathode (36 cm2); current 100 mA. 
 
 
Figure S8.5. Formation of acetic acid and formic acid in electrochemical recovery of 
phosphorus from NTMP. Conditions: 30 mg/L NTMP; 1.0 mM Ca2+; 50 mM Na2SO4; 100 
mM CH3CH2OH; titanium cathode (36 cm2); platinum coated titanium anode; current 100 
mA. 
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Figure S8.6. Change of P, Ca, and Cl− in electrochemical treatment of NTMP in real 
wastewater, 30 mg/L NTMP was added to the effluent from the local wastewater treatment 
plant. Conditions: titanium cathode (36 cm2); platinum coated titanium anode; current 100 
mA. 
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Table S8.1. Apparent rate constant of electrochemical removal of organic phosphorus under 
various operating conditions (NTMP = 30 mg/L). 
Anode material  Electrolyte (50 mM) k (h-1) R2 
Pt Na2SO4 0.00264 0.976 
Pt NaClO4 0.00144  0.848 
Pt NaCl 0.01577  0.920 
Pt-Ir Na2SO4 0.00360  0.991 
Ru-Ir Na2SO4 0.00592 0.969 
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Abstract 
Phosphorus (P) is a vital micronutrient element for all life forms. Typically, P can be 
extracted from phosphate rock. Unfortunately, the phosphate rock is a nonrenewable resource 
with a limited reserve on the earth. High levels of P discharged to waterbodies lead to 
eutrophication. Therefore, P needs to be removed and is preferably recovered as an additional 
P source. A possible way to achieve this goal is by electrochemically induced phosphate 
precipitation with coexisting calcium ions. Here, we report a new concept of phosphate 
removal and recovery, namely a CaCO3 packed electrochemical precipitation column, which 
achieved improved removal efficiency, shortened hydraulic retention time and substantially 
enhanced stability, compared with our previous electrochemical system. The concept is based 
on the introduction of CaCO3 particles, which facilitates calcium phosphate precipitation by 
buffering the formed H+ at the anode, releases Ca2+, acts as seeds, and establishes a high pH 
environment in the bulk solution in addition to that in the vicinity of the cathode. It was found 
that the applied current, the CaCO3 particle size, and the feed rate affect the removal of 
phosphate. Under optimized conditions (particle size, <0.5 mm; feed rate, 0.4 L/d, current, 5 
mA), in a continuous flow system, the CaCO3 packed electrochemical precipitation column 
achieved 90 ± 5% removal of phosphate in 40 days and >50% removal over 125 days with 
little maintenance. The specific energy consumptions of this system lie between 29 and 61 
kWh/kg P. The experimental results demonstrate the promising potential of the CaCO3 
packed electrochemical precipitation column for P removal and recovery from P-containing 
streams. 
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9.1 Introduction 
The ability to feed 10 billion people is one of the main challenges of the 21st century. In any 
case, the use of phosphorus (P) fertilizer is crucial. P, as an essential element for all living 
organisms, accounts for 2-4% weight of most dried cells and plays a vital role in fundamental 
biochemical reactions (i.e., gene expression) [2]. Typically, one adult consumes 35.2 kg of 
phosphate rock per year [3]. In general, P fertilizer can be processed from mined phosphate 
rock. Unfortunately, phosphate rock, as a finite resource, will be subject to exhaustion in a 
few hundred years with the current mining and usage rate [1]. The use of P fertilizer and other 
P products have brought much P to water bodies, leading to a worldwide environmental 
problem, namely, eutrophication [7, 10]. 
We need to address issues about P being scare as a resource (fertilizer) yet abundant as a 
pollutant (eutrophication) by recycling the P in waste streams [7, 10]. Pioneers have 
recognized the importance of P recycling and developed many approaches for achieving this 
goal [21, 22]. While each approach has its merits and drawbacks, the principle is the same: 
the conversion of P from a soluble form to a solid phase, which can then be separated from 
waste streams for potential reuse. 
In the realm of P recovery, struvite process is a well-developed method [27]. This method 
has the advantage that phosphate (PO4-P) and ammonium (NH4-N) are removed 
simultaneously. Also, the recovered product can be used as a slow release fertilizer. However, 
the struvite process needs well-controlled solution conditions [52], which typically means a 
high phosphate concentration, a Mg/NH4/PO4 molar ratio close to 1:1:1, and pH between 8 
and 9 [28]. As such, due to the low Mg2+ concentration relative to PO43 − and NH4+ in most 
nutrient-rich waste streams, the dosing of a Mg source is required [28]. The struvite process 
is used in practice but is not widely adopted. Furthermore, calcium phosphate has also 
recently been shown to be an effective fertilizer when compared to conventional fertilizers 
and struvite [182]. 
Alternatively, P removal and recovery as calcium phosphate was proposed [29]. This process 
has the advantage that the addition of Ca is usually not necessary, as Ca2+ is an abundant ion 
in most waste streams [31, 32]. It is worth mentioning that even when Ca addition is required, 
the cost of dosing Ca is cheaper than dosing Mg [33, 34]. Moreover, calcium phosphate is 
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the key component of mined phosphate rock and therefore, it can be used directly as a raw 
material for producing P fertilizer in the existing production process [31]. 
Electrochemical processes have gained increasing interest as next-generation wastewater 
treatment technologies in the last decades [44, 62]. On top of wastewater treatment, 
electrochemical methods also show excellent potential in resource recovery from waste 
streams [45, 183]. Lei and coauthors established and validated an electrochemical approach 
for P removal and recovery [32, 147, 151]. This approach showed advantages: there was no 
need to dose a calcium source, adjust the pH of wastewater, or require a solid−liquid 
separation process [32, 147, 151]. Moreover, it is a membrane-free system. However, the P 
removal efficiency in this system is low, and the retention time is long. For example, to reach 
50% removal efficiency, a run-time of about 24 h at 20 mA (current density of 4.0 A/m2) is 
needed [89]. 
One of the critical reasons for the low removal efficiency and long retention time in this 
membrane-free electrochemical approach is the recombination of anode produced protons 
(H+) with cathode generated hydroxide ions (OH−). While the H+-OH− recombination can be 
avoided by using ion exchange membranes, the introduction of membranes will bring other 
problems, such as a complex configuration, the fouling of membranes, the associated 
maintenance effort, and the increased operating cost. 
Here, in this paper, we propose a simple yet highly efficient approach to overcome direct H+-
OH− recombination. In our approach, we fill a column-shaped electrochemical precipitation 
reactor with calcium carbonate (CaCO3) particles. The CaCO3 particles, which are in contact 
with/or close to the anode, react with electrochemically produced H+ [126], and thus limit the 
neutralization between H+ and OH−. Additionally, two extra benefits are achieved. Along 
with the consumption of H+ by CaCO3 particles, Ca2+ ions are released into the bulk solution. 
Meanwhile, the electrochemically generated OH− ions are accumulated in the bulk solution. 
As a result, a high pH environment can be established in the bulk solution as well as in the 
vicinity of the cathode [126]. Therefore, homogeneous precipitation of calcium phosphate 
may occur in the bulk solution, in addition to its precipitation on the cathode surface. 
Furthermore, the CaCO3 particles may work as crystallization seeds, allowing calcium 
phosphate nucleation and growth on their surface at a much lower driving force and induction 
time [184]. 
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The goal of this research is to identify the possibility, the efficiency, and the mechanism of 
the CaCO3 particle packed electrochemical precipitation column toward phosphate removal 
and recovery. We first looked at the possibility of electrochemically splitting of CaCO3 
particles. We then explored the effects of particle size, feed rate, and electrical current on the 
removal of phosphate in this system. Additionally, we examined the feasibility of this system 
to treat low P-containing streams and real domestic wastewater and further evaluated the 
stability of this system for long-term operation. The CaCO3 packed electrochemical 
precipitation column may offer a robust yet efficient approach toward P removal and 
recovery from various wastewaters. 
9.2 Materials and methods 
9.2.1 Materials 
Na2HPO4·2H2O, NaOH, and Na2SO4 were purchased from VWR chemicals (Belgium). 
Ca(NO3)2·4H2O was received from Merck (Germany). The CaCO3 particles were supplied 
by a drinking water company where CaCO3 solids were produced from the water softening 
process. These particles were fractioned through mesh sieves: diameters <0.5 mm, 0.5−1 mm, 
1−2 mm, and 2−3 mm diameter. The domestic wastewater was obtained from the influent of 
a local wastewater treatment plant (Leeuwarden, The Netherlands), further prefiltered with a 
100−μm sieve, and stored in a 4℃ fridge. The electrodes were provided by MAGNETO 
Special Anodes BV (Schiedam, The Netherlands). 
9.2.2 Setup 
Figure 9.1 shows the configuration of the electrochemical precipitation column with real 
images. The column was made of polypropylene material with a diameter of 6 cm and a 
length of 16 cm and had an empty bed volume of about 70 mL. The column was filled with 
glass beads at the bottom to prevent clogging of the tubes with fine CaCO3 particles and to 
have an equal distribution of feed solution inside the column. There was about 85 g of a 
predetermined size (1−2 mm) of CaCO3 particles on top of the glass beads, giving a bed 
height of 12−13 cm. The column contained two rod-shaped electrodes, a platinum-coated 
titanium anode, and a pure A-grade titanium cathode. Both electrodes had diameters of 3 mm 
and lengths of about 20 cm each. However, only the electrode length that was below the 
liquid level was considered for the calculation of current density. Thus, the length was about 
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15 cm for both electrodes. Therefore, the surface area of both electrodes was approximately 
0.0014 m2. The distance between the electrodes was about 1 cm. The electrochemical 
precipitation column was operated under constant current mode, and the needed cell voltage 
was provided by a power supply (ES 030−5, Delta Electronics B.V, The Netherlands). All 
experiments were conducted at room temperature (T = 23 ± 1°C). 
 
Figure 9.1. Schematic diagram of the setup. The cathode is A-grade titanium rod; the anode 
is platinum coated titanium rod. CaCO3 particles are packed in the column-shaped 
electrochemical cell. At the bottom of the column, glass beads are used. 
9.2.3 Experimental design 
We first conducted experiments with synthetic solutions in the as-described electrochemical 
precipitation column. The typical synthetic solutions contained 0.6 mM PO4-P and 10 mM 
Na2SO4, which were prepared by dissolving analytical grade chemicals in deionized water 
(18.2 MΩ·cm, Millipore). We studied the influence of particle size (<0.5 mm, 0.5−1 mm, 
1−2 mm, 2−3 mm), applied current (5, 10, 20 mA), and feed rate (0.4, 0.8, 1.2, 2.4 L/d) on 
the performance of the electrochemical precipitation column with synthetic solutions. In the 
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section of proof of principle, the feed solutions only contained 10 mM Na2SO4 and the pH 
was adjusted to 7.5, which was the same as the phosphate present in the feed solution. In 
some experiments, we reduced the phosphate concentration to as low as 0.032 mM (~ 1.0 
mg/L PO4−P) in order to determine the feasibility of this system to treat low phosphate-
containing solutions. We then evaluated the efficiency of this system toward real domestic 
wastewater. To identify the function of the CaCO3 particles, we also examined the removal 
of PO4-P in the absence of CaCO3 particles, by supplying 1.0 mM Ca2+ (40 mg/L) to the feed 
solution, and the adsorption of phosphate by CaCO3 particles in the absence of current. For 
each independent test, the column was run in a continuous up-flow way under predetermined 
conditions for at least 1 week. The data are given as the mean and standard deviations of the 
samples collected each day over the independent testing period. After each test, both 
electrodes were cleaned by immersion in acidic solutions (1 M HNO3) and then rinsed with 
deionized water. The new and used CaCO3 granule compositions were examined by 
dissolution in strong acid (69% HNO3, 20 mL). The composition of these acidic solutions 
was analyzed to identify the possible precipitates on both electrodes and CaCO3 particles. 
Lastly, we tested the performance of the electrochemical precipitation column for phosphate 
removal under the recognized best parameters for a long period (125 days) in order to verify 
the stability of this system for long-term operation. 
9.2.4 Analytical methods 
We applied ICP-AES (Optima 5300 DV, PerkinElmer) to quantify the concentrations of P 
and Ca, with the detection limits for P and being 20 and 50 μg/L, respectively. Total organic 
carbon (TOC) was measured by a TOC-LCPH analyzer equipped with an ASI-L autosampler 
(Shimadzu) with 1.0 mg/L detection limit. We identified the phases of the fresh (unused) and 
used CaCO3 granules by X-ray diffraction (XRD) and determined their elemental 
compositions with acid digestion. Details about the instruments can be referred elsewhere 
[32, 89]. 
9.3 Results and discussion 
9.3.1 Proof of principle: electrochemically splitting of CaCO3 particles 
We first show that calcium ions can be released from electrochemically induced dissolution 
of CaCO3 particles (see solid characterization in Text S9.1, Figure S9.1, and Table S9.1). 
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In this case, the feed solution only contained Na+ and SO42− (no PO43−). As shown in Figure 
9.2, in the absence of current, the effluent Ca concentration was 8.7 mg/L and pH was 8.3. 
In the presence of 5 mA (current density of 3.5 A/m2), the effluent Ca concentration and pH 
increased to 28.0 mg/L and 9.9, respectively. This reveals that the combination of CaCO3 
particles with electric current not only provides calcium ions but also creates a high pH 
environment in the entire bulk solution. In a typical electrochemical system, at the anode, 
water molecules are oxidized, producing H+ and oxygen (eq 9.1). At the cathode, water 
molecules are reduced, forming OH− and hydrogen (eq 9.2).  
Anode: 2H2O → 4H+ + O2↑ + 4e−             (9.1) 
Cathode: 4H2O + 4e− → 4OH− + 2H2↑      (9.2) 
Bulk solution: H+ + OH− → H2O               (9.3) 
CaCO3 + 2H+ → Ca2+ + H2CO3                  (9.4) 
 
Figure 9.2. Proof of principle. Conditions: feed solutions contain only 10 mM Na2SO4, and 
no phosphate. Initial pH of feed solution was adjusted to 7.5, which is similar to when 
phosphate is present. 
As a result, a local high pH and low pH will be established at the cathode and anode, 
respectively. The bulk solution pH, however, will not change significantly, due to the 
neutralization of H+ with OH− (eq 9.3). In the presence of CaCO3 particles, the CaCO3 solids 
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which face the anode will be dissolved to some extent by the anodically produced acidity (eq 
9.4) [126]. Along with the reaction of H+ with CaCO3, the cathodically produced OH− ions 
will accumulate in the bulk solution, increasing the pH of the bulk solution [126]. As a result, 
we found an increased Ca concentration and pH in the effluent (Figure 9.2). In the case of a 
feed solution containing phosphate, the phosphate will be removed by calcium phosphate 
precipitation, either on the cathode surface which has a local high pH or on the surface of 
CaCO3 particles (heterogeneous precipitation) and/or even in the bulk solution by 
homogeneous precipitation. It may be argued that CaCO3 granules can directly result in the 
removal of phosphate by adsorption. However, according to the control experiments in the 
absence of current, the removal of phosphate is negligible, and the effluent calcium 
concentration and pH are also much lower than those with current (Figure 9.3). 
9.3.2 Effect of current 
We further studied the influence of current (density) on the performance of the 
electrochemical precipitation column. Figure 9.3 shows that the removal of phosphate 
strongly depends on the applied current.  
 
Figure 9.3. Effects of current on the removal of PO4-P, the effluent Ca concentration and pH. 
Conditions: particle size, 1−2 mm; feed rate, 2.4 L/d. Feed solution contains 10 mM Na2SO4 
and 0.6 mM PO4-P with an initial pH of 7.5. 
Specifically, in an open circuit (0 mA), only 4% of phosphate was removed. The phosphate 
removal efficiency reached 23% at a current of 5 mA (3.5 A/m2) and 40% at 10 mA (7.0 
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A/m2). However, a further increase of the applied current to 20 mA (14 A/m2) did not promote 
the removal of phosphate anymore. This may be due to the competition between the 
precipitation of CaCO3 and calcium phosphate. In our previous study, we found that in the 
presence of (bi)carbonate, a high current resulted in a greater precipitation of CaCO3 than 
calcium phosphate [32]. 
The effluent Ca concentration is not always positively related to the applied current. At 10 
mA, the effluent Ca concentration (9.5 mg/L) was lower than that at 5 mA (15.1 mg/L), which 
was not expected. This might result from the simultaneous release and consumption of Ca2+. 
While a high current means a high production of H+ possibly resulting in a greater release of 
Ca2+ from CaCO3 particles, a high current also means a high removal of P and thus the 
removal of released Ca2+. More importantly, it should be noted that the calcium ions could 
precipitate with carbonate again by forming calcium carbonate (eq 9.5). 
Ca2+ + CO32− → CaCO3                (9.5) 
This is because the dissolution of CaCO3 solids will release both calcium ions and carbonic 
acid [126]. The carbonic acid may quickly dissociate to bicarbonate and/or carbonate, 
depending on the bulk solution pH before it would escape as CO2 through the bulk solution. 
As the local pH close to the cathode is much higher than that in the bulk solution [89], part 
of the inorganic carbon around the cathode may be in the form of CO32−, which may react 
with Ca2+, forming solid calcium carbonate. These factors together may explain the trend of 
effluent Ca concentration as a function of current. 
The effluent pH was relatively stable around 9.7 in closed circuit, regardless of the applied 
current. As explained, the increase of effluent pH is due to the consumption of H+ (anode) by 
CaCO3 particles and the accumulation of OH− (cathode). The relatively stable effluent pH is 
due to the formation of (bi)carbonate resulting from the electrochemically induced 
dissolution of CaCO3 granules, which work as buffer. 
9.3.3 Effect of CaCO3 particle size 
A prerequisite for the electrochemical precipitation of calcium phosphate in the CaCO3 
packed column is the release of calcium ions. As such, the CaCO3 particle size is expected to 
affect the performance. In general, the smaller the particle size, the larger the surface area. 
Therefore, more release of calcium ions is expected when using smaller particles, as is P 
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removal efficiency. Indeed, as shown in Figure S9.2, the removal of P follows the theory 
that a smaller particle size results in a higher removal efficiency, except for the case of 
particles with sizes from 2 to 3 mm. The 2−3 mm CaCO3 particles are believed to have a 
lower surface area compared with smaller particles. 
Nonetheless, we achieved the second highest removal efficiency (35%) with using 2−3 mm 
CaCO3 particles, which was not expected. This might be explained by large pores between 
the stacked CaCO3 particles with the use of bigger particles, which facilitates the diffusion 
of released Ca2+, and its interaction with phosphate and CaCO3 solids. Due to the presence 
of (bi)carbonate (buffer), the pH in the column should be similar to the effluent pH, which 
lies between 9 and 10. The high pH may result in homogeneous precipitation of calcium 
phosphate in the bulk solution inside the column and the associated settling on the CaCO3 
particles. Thus, a higher removal percentage of phosphate was observed with 2−3 mm 
particles (35%) than that with the use of 1−2 mm particles (21%). Additionally, the use of 
large particles may bring practical benefits by reducing the clogging risk of the column in the 
treatment of real wastewater which would result in a longer run-time. 
9.3.4 Effect of feed rate 
Figure 9.4 shows that the removal efficiency of phosphate decreased with the increase of 
flow rate. At 0.4 L/d, the phosphate removal efficiency reached 87%. The removal efficiency 
slightly decreased to 79% at 0.8 L/d, to 61% at 1.2 L/d and down to 28% at 2.4 L/d. With a 
lower feed rate, the feed solution has a longer hydraulic retention time (HRT) in the 
electrochemical precipitation column, resulting in a high calcium concentration in the reactor 
solution. The electrolysis current and time determine the electrochemical release of calcium 
ions from CaCO3 particles. As a result, a higher removal of phosphate is expected with a 
lower feed rate. 
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Figure 9.4. Effects of feed rate on the removal of P and the effluent Ca concentration. 
Conditions: particle size, 1−2 mm; current, 5 mA (current density 3.5 A/m2). Feed solution 
contains 10 mM Na2SO4 and 0.6 mM PO4-P with an initial pH of 7.5. 
The effluent Ca concentration confirms the effect of feed rate. We can see from Figure 9.4 
that the effluent Ca concentration at 0.4 L/d (53 mg/L) was significantly higher than that at 
0.8 L/d (22 mg/L). For the highest feed rate (2.4 L/d) we tested, the effluent calcium 
concentration was 13 mg/L, which is indeed lower than that at 1.2 L/d (19 mg/L). However, 
the effluent Ca concentrations at 1.2 L/d and 0.8 L/d (22 mg/L) were similar, which points 
out the interactive effects of feed rate on the release of Ca2+ and the consumption of released 
Ca2+. On the one hand, a lower feed rate results in more release of Ca2+. On the other hand, a 
lower feed rate results in enhanced precipitation of released Ca2+ with phosphate and 
carbonate due to increased retention time.  
The normalized specific energy consumption was comparable (31 ± 2 kWh/kg P) among the 
feed rates of 2.4, 1.2 and 0.8 L/d. For the lowest feed rate (0.4 L/d), the specific energy 
consumption was 61 kWh/kg P. In practical applications, we need to create a balance between 
the removal efficiency and the feed rate. A lower rate means a higher removal efficiency but 
a longer HRT, whereas a higher feed rate means a shorter treatment time but relatively lower 
removal efficiency. Nonetheless, the needed retention time in the current system is relatively 
low, compared with a previous electrochemical system without the use of CaCO3 particles 
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[89]: 0.7−4.2 h vs ~24 h, yet the phosphate removal efficiency was comparable and even 
higher. We suggest a feed rate of 1.2 L/d for real applications as a satisfactory removal 
efficiency (61%), a low HRT (2.1 h), and a low energy consumption (29 kWh/kg P) were 
achieved at this feed rate. 
9.3.5 Calcium ions instead of CaCO3 particles (no bed)  
To further check the function of the packed CaCO3 bed, we performed control experiments 
without using CaCO3 particles. Alternatively, calcium ions were supplied in the feed solution. 
While we provided the feed solution with a high calcium concentration (40 mg/L), which 
was even higher than the released calcium ions (28 mg/L) in the absence of phosphate under 
standard conditions (Figure 9.2), the removal of phosphate was much lower than that with 
CaCO3 particles fully packed in the column (Figure S9.3). In the absence of CaCO3 particles, 
the removal of phosphate will depend on its precipitation with calcium ions mainly on the 
cathode surface, as reported in electrochemical P removal without the use of CaCO3 solids 
[89]. In the bulk solution, due to the recombination of anodically produced H+ with 
cathodically formed OH− (eq 9.3) and the consumption of OH− by calcium phosphate 
precipitation, the solution pH will decrease [89]. Indeed, the effluent pH in the absence of 
CaCO3 particles (pH 7.3) is much lower than that with CaCO3 solids packed in the column 
(pH 9.8). When the feed rate was reduced and the applied current was increased, the P 
removal efficiency increased from 13% to 33%, yet it was still much lower than that of the 
CaCO3 packed column under similar conditions (~90%), as was the effluent pH (7.1). Again, 
the results confirmed the multi-function of the packed CaCO3 granules: (1) provide Ca2+, (2) 
limit the recombination of H+ with OH−, (3) enhance calcium phosphate precipitation, and 
(4) retain precipitates. 
9.3.6 Efficiency for low phosphate-containing solutions and real domestic wastewater 
We further investigated the performance of the electrochemical precipitation column for low 
P streams, as an application of this process toward post-treatment. The typical effluent P 
concentration in the wastewater treatment plant is around 1.0 mg/L. Due to strict legislation 
requirements, some wastewater treatment plants may need to update their process. We found 
that the CaCO3 packed electrochemical precipitation column is also suitable for low P 
streams. Still, this is not caused by adsorption, because the removal of phosphate is negligible 
in an open circuit. The precipitation potential of a specific mineral is affected by the 
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concentration of the associated lattice ion, temperature, and solution pH, which can be 
evaluated through the calculation of the saturation index (SI) [36]. The low P concentration 
might make it difficult to have P removed by precipitation. However, the low phosphate-
containing solution is still highly saturated with respect to hydroxyapatite (HAP, SIHAP = 13) 
in the precipitation column (Text S9.2) thanks to the release of Ca2+ and the increase of pH. 
In addition, the CaCO3 particles assist calcium phosphate precipitation by lowering the 
induction time for precipitation [185]. As a result, the P removal efficiency reached 22% even 
though the initial concentration was just 1.0 mg/L (Figure 9.5). The P removal efficiency 
could be further enhanced by lowering the feed rate and increasing the applied current. About 
53% of the phosphate was removed at 10 mA with a feed rate of 0.4 L/d. We also noticed 
that the effluent Ca concentration was higher when treating the low P streams (27 mg/L, 
Figure 9.5) than that when treating a higher P concentration stream (15 mg/L, Figure 9.3) 
under standard conditions (5 mA, 2.4L/d), which is due to the reduced consumption of 
released calcium ions that leaves more calcium ions in the effluent. The effluent pH was 9.9 
under standard conditions (5 mA, 2.4L/d) and was increased to 10.7 at an increased current 
(10 mA) with a lower feed rate (0.4 L/d). 
 
Figure 9.5. Efficiency of the CaCO3 packed electrochemical precipitation toward low 
phosphate-containing solutions. Conditions: particle size, 1−2 mm. The feed solution were 
synthetic solutions containing 10 mM Na2SO4 and 1.0 mg/L PO4-P. 
We then treated real wastewater with the electrochemical precipitation column. The initial P 
concentration in the wastewater was about 3 mg/L, which was lower than the wastewater we 
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sampled previously [32]. This was probably due to the frequent rain in the local area before 
sampling was conducted. Still, as shown in Figure S9.4, about 16% of the P was removed 
under standard conditions, and 43% P was removed at optimized conditions (10 mA, 0.4L/d). 
The pH of the wastewater increased from 7.7 to 8.5 after treatment. The lower increase in 
solution pH in real wastewater than that in synthetic solutions is probably due to the buffers 
presented in the domestic wastewater. This is an advantage in the real application as the pH 
of treated wastewater should not be higher than 9.0. This preliminary result demonstrates the 
feasibility of applying this system for complicated real wastewater. 
9.3.7 Long-term performance.  
We further performed a long-term evaluation of this electrochemical precipitation column in 
view of its potential application. We ran the system for 125 days under optimized conditions 
based on the investigation of different parameters that we have discussed here. The results 
are summarized in Figure 9.6.  
 
Figure 9.6. P removal efficiency of the CaCO3 packed electrochemical precipitation in long-
term operation. Conditions: particle size, <0.5 mm; current, 5 mA (current density 3.5 A/m2); 
feed rate, 0.4 L/d. Feed solution contains 10 mM Na2SO4 and 0.6 mM PO4-P with an initial 
pH of 7.5. 
It was found that in the initial 40 days, the P removal efficiency was maintained at 90 ± 5%. 
Thereafter, the removal efficiency decreased slightly but was still around 60% untill around 
the 110th day. Even after more than 125 days of operation, the column still achieved a P 
removal efficiency of more than 50%. These results confirmed that the system could work 
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quite well in long-term operation with little maintenance (cleaning or replacing the effluent 
tube). 
9.3.8 Calcium phosphate is present both on the cathode and the CaCO3 particles.  
To understand where calcium phosphate precipitates, we analyzed the precipitates on the 
CaCO3 solids and the electrodes by considering the experiments performed under standard 
conditions (1−2 mm particle size; 12−13 cm bed, 5 mA, 2.4 L/d) as examples. The analysis 
of the elemental composition of the CaCO3 particles showed P to be present on the used 
particles (Table S9.1). The detection of P on the used CaCO3 particles indicates that part of 
the P in the feed solution is removed by (heterogeneous) precipitation on the CaCO3 particles. 
We then used acid (20 mL, 1 M HNO3) to dissolve the precipitates on the electrodes and 
analyzed the compositions of the acidic solutions. The Ca and P concentrations detected in 
the acidic solution from the cathode were 170 and 42 times higher than those in the acidic 
solution used for the anode, respectively (Table S9.2). This confirms the precipitation of 
calcium phosphate on the cathode but not on the anode, due to local high pH and low pH, 
respectively. In conclusion, in the CaCO3 packed electrochemical precipitation column, 
calcium phosphate precipitates both on the cathode and on the CaCO3 particles. 
9.4 Outlook 
We experimentally investigated the principle, demonstrated the efficiency and the stability 
of the CaCO3 packed electrochemical precipitation column toward phosphate removal. One 
unaddressed question that remains is how can the removed phosphate be reused? Indeed, 
unlike previously reported systems where we can collect calcium phosphate solids from the 
cathode, in the current system, the calcium phosphate precipitates are mixed with packed 
calcium carbonate particles. This makes the collection of calcium phosphate difficult. 
However, we may not need to separate the calcium phosphate solids from the mixture. Given 
the fact that CaCO3 solids, in general, are more soluble than calcium phosphate solids, it may 
be possible to convert most of the CaCO3 in the column to calcium phosphate. Thus we can 
collect the whole solids from the precipitation column and replace them with new CaCO3 
solids. The collected solids may be used either in the production of P fertilizer or directly as 
fertilizer. Alternatively, the separation of calcium phosphate precipitates with the packed 
CaCO3 solids could be enhanced by an improved cell configuration, for instance, by putting 
the anode in a porous CaCO3 container. In this design, the reaction of H+ with the CaCO3 
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particles is physically separated from the calcium phosphate precipitation on the cathode and 
in the bulk solution. Hopefully, this design can be made into reality in our future studies. 
Given the relatively low energy consumption (29−61 kWh/kg P) and the fact that calcium 
carbonate is a cheap material (here, it is a byproduct from a water softening process), the 
CaCO3 packed electrochemical precipitation column may offer a robust yet highly stable and 
efficient system to deal with P containing streams at various concentrations. 
 
Supporting information 
 
Text S9.1. Solid characterization 
The XRD characterization (Figure S9.1) together with the acid-digestion analysis (Table 
S9.1) confirmed the speciation and the main elemental composition of the solids. The used 
solids are calcite (CaCO3), and the main elemental composition of the particles is Ca, 
followed by some trace amounts of Mg, Na and S. The Ca content in the solids was 38.9%, 
which is close to the theoretical value (40%), indicates the high purity of the CaCO3 solids. 
The TOC analysis of the acid-digestion solution indicated that the CaCO3 solids contain 0.78% 
(mass weight) organic carbon, which explains the brown color of the solids. The missing part 
of the solids is inorganic carbon, which is converted to CO2 during the acid digestion process. 
Text S9.2. Calculation of supersaturation index for a low phosphate-containing solution 
under experimentally relevant conditions 
We applied Visual MINTEQ 3.1 (available at https://vminteq.lwr.kth.se/download/) to 
calculate the saturation index (SI) of hydroxyapatite (HAP) in the CaCO3 packed 
precipitation column. The Ca2+ concentration and pH in the column were based on the control 
experiments in the absence of phosphate (see Figure 9.2), where the effluent Ca was 28 mg/L 
and pH was 9.9. The other input was 10 mM Na2SO4, 1.0 mg/L PO4-P. 
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Figure S9.1. XRD pattern of CaCO3 particles (1−2 mm). The XRD pattern matches well 
with reference calcite spectrum. 
 
 
Figure S9.2. Effects of particle size of CaCO3 solids on the removal of P, the effluent Ca 
concentration and pH. Conditions: current, 5 mA (current density 3.5 A/m2); bed height, 
12−13 cm; feed rate, 2.4 L/d. Feed solution contains 10 mM Na2SO4 and 0.6 mM PO4-P with 
an initial pH of 7.5. 
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Figure S9.3. No CaCO3 solids, calcium ions were supplied in the feed solution. Conditions: 
current 5 mA (current density 3.5 A/m2) and feed rate 2.4 L/d or current 10 mA (current 
density 7.0 A/m2) and feed rate 0.4 L/d. Feed solution contains 10 mM Na2SO4,1.0 mM Ca2+, 
and 0.6 mM PO4-P with an initial pH of 7.5. 
 
 
Figure S9.4. Efficiency of the CaCO3 packed electrochemical precipitation toward real 
wastewater from the local wastewater treatment plant (influent). Conditions: particle size, 
1−2 mm, bed height, 12−13 cm, initial wastewater pH is 7.7 ± 0.2. 
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Table S9.1. The elemental composition of fresh (unused) and used CaCO3 particles under 
standard conditions (1−2 mm particle size, 12−13 cm bed height, 5.0 mA, 2.4 L/D feed rate) 
CaCO3 
solids 
Ca (g/kg) Organic 
Ca(g/kg) 
Mg (g/kg) Na (g/kg) P (g/kg) S (g/kg) 
fresh 388.9 7.797 2.281 0.803 N.D.b 0.435 
used 387.6 5.914 2.257 1.127 1.186 0.557 
a Detected by TOC; b Not Detected 
 
Table S9.2. Ca, Mg and P concentration in the acidic solution used for dissolving the 
precipitates on the electrodes 
electrode Ca (mg/L) Mg (mg/L) P (mg/L) 
cathode 922 5.64 36.8 
anode 5.42 0.0297 0.875 
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10.1 Introduction 
Along with the increase of the global population, the demand for food has increased 
significantly, as also the need for phosphorus fertilizer [1]. The main source of phosphorus 
fertilizer is mined phosphate rock. However, phosphate rock is a finite resource. The 
worldwide phosphate rock reserves are projected to run out in a few hundred years [1, 22]. 
On the other hand, eutrophication, which is caused by the discharge of phosphorus-containing 
streams, is a great concern in many surface waters in many countries. The most obvious way 
to address the two issues is to remove and reuse phosphorus from waste streams [7, 10]. 
Although phosphorus removal and recovery are well-justified as to prevent eutrophication 
and the potential phosphorus shortage, this is often not done in practice. A key reason is due 
to the imbalance between the efforts in recovering phosphorus and the market price of 
commercial phosphorus fertilizer processed from phosphate rock [10]. The cost associated 
with phosphorus recovery is way higher than the price of phosphorus fertilizer. Therefore, 
there is little interest in recovered phosphate.  
Hence, a prerequisite condition for potential large-scale application of a new system is to 
consider the economic feasibility. In this Chapter, we summarize the energy (electricity) 
consumption of electrochemical phosphorus removal and recovery from a variety of waste 
streams, either synthetic or real wastewaters. We also discuss the associated limitations and 
possible improvements within the electrochemical approach.  
10.2 Specific electricity consumption (kWh/kg P) 
In this thesis, a variety of solutions, synthetic and real wastewater have been targeted for 
electrochemical phosphorus removal and recovery. Table 10.1 summaries the specific 
energy consumption (kWh/kg P) in electrochemical treatment of various wastewaters under 
different operational conditions.  
According to Table 10.1, it is apparent that the electrochemical approach cannot offer 
energy-efficient solutions for all kinds of wastewater. As shown in Table 10.1, it is clear that 
for domestic wastewater, energy consumption is too high. Depending on the applied current 
density, the specific energy consumption lies between 110 and 2238 kWh/kg P for 
electrochemical phosphorus recovery from domestic wastewater (0.23 mM P). The energy 
consumption associated with phosphorus recovery from domestic wastewater can be lowered 
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using a bio-anode via shifting the anode reaction from abiotic water splitting to bacterial 
catalyzed degradation of organic substances. However, this energy consumption remains 
high for treating low phosphorus-containing municipal wastewater (0.23 mM), namely 224 
kWh/kg P. In addition, for the bioelectrochemical system, an external carbon source (i.e., 
acetic acid) was required, due to the low bioavailable chemical oxygen demand (COD) in the 
domestic wastewater. This makes the application of bioelectrochemical systems less 
attractive. 
The high-energy consumption found with electrochemical P recovery from real domestic 
wastewater was due to the low phosphorus concentration in the influent (about 0.23 mM PO4-
P). The energy consumption can be reduced significantly when the phosphorus concentration 
in the wastewater was increased. With 1.15 mM P, the specific energy consumption 
decreased from 785 to 142 kWh/kg P. For the bioelectrochemcial systems; the energy 
consumption decreased by four times from 224 to 56 kWh/kg P when the P concentration 
was increased from 0.23 mM to 0.76 mM. Even more encouraging, it was found that energy 
consumption could be further reduced by operating the system at a low current density. The 
lowest specific energy consumption was found to be 6.2 kWh/kg P for treating synthetic 
solutions (0.6 mM) at 0.1 A/m2 in combination with a high surface area graphite felt cathode. 
For the real wastewater spiked with extra phosphate (about 0.6 mM P), the specific energy 
consumption was 14.9 kWh/kg P, which was slightly higher than for synthetic solutions (11.2 
kWh/kg P) with the same P concentration. Therefore, the combination of low current 
densities with high surface area cathodes is the best way to achieve energy-efficient 
phosphorus recovery. However, the drawback of this system is the need for longer treatment 
time. This can affect the adoption of this system for real life applications.   
Nonetheless, it is clear that the electrochemical system could only be energy-efficient in 
treating a type of wastewater that has relatively high phosphorus concentration (> 10 mg/L). 
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10.3 Use of electrochemically produced H2 and O2 for biological 
wastewater treatment  
Electrochemically mediated calcium phosphate precipitation depends on the locally produced 
base (hydroxide) at the cathode. In Chapter 9, we showed that CaCO3 particles could be 
dissolved by the electrochemically produced acidity at the anode. Yet, the associated 
production of gases (H2 at the cathode, O2 at the anode) were not utilized. 
In comparison to biological and chemical precipitation process, the developed 
electrochemical technique seems not that attractive for treating low phosphorus-containing 
wastewater, i.e., domestic wastewater. However, if we take the produced O2 and H2 into 
account, the electrochemical technique could be very promising. 
 
Figure 10.1. Integration of electrochemical phosphorus recovery system with the 
conventional biological process. This allows usage (recovery) of anodically produced O2 and 
cathodically produced H2.  
Our idea is to integrate the electrochemical system with a conventional biological process, 
which typically includes anaerobic and aerobic processes (Figure 10.1). The 
electrochemically produced O2 can be collected and used for aerobic removal of COD and 
nitrification. The electrochemically produced H2 can be used as biogas enhanced by 
converting CO2 to CH4 or directly used as the electron donor for denitrification. In this way, 
a large part of the energy consumption can be compensated by utilizing of the O2 and H2. 
Further research could deal with the challenge on how to collect/transport the produced gas 
to the bioreactors.  
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10.4 Selective calcium phosphate precipitation  
Wastewaters are characterized by complicated water matrices, including organic and 
inorganic compounds. In terms of phosphorus recovery from real wastewaters, it was found 
that not only calcium phosphate, but also other products formed.  
The research question is: can calcium phosphate be selectively precipitated? 
The answer is no and yes.  
We have shown in Chapter 4 that CaCO3 and Mg(OH)2 co-precipitates with calcium 
phosphate in electrochemical P recovery from the domestic wastewater. Based on the color 
of the harvested precipitates, it appears that organic substances in the wastewater also co-
precipitate with the inorganic precipitates. Although the co-precipitation of organics is not 
specifically discussed in the case of real wastewater, we have shown in Chapter 3 that natural 
organic matters could co-precipitate with calcium phosphate in the electrochemical system. 
The co-precipitation of CaCO3 and Mg(OH)2 has several negative effects. First of all, the co-
precipitation of CaCO3 and Mg(OH)2 will lower the relatively amount of calcium phosphate 
in the recovered precipitates, and as a result, the value of the recovered product as a raw 
material or fertilizer. Second and more importantly, the precipitation of CaCO3 and Mg(OH)2 
will cover part of the cathode surface and thus reduces the active sites for calcium phosphate 
precipitation. In real applications, this will result in a more frequent collection of precipitates 
at the cathode and increased energy use, which is not desirable. 
Therefore, it is desirable to avoid or limit the co-precipitation of CaCO3 and Mg(OH)2. Based 
on the thermodynamic evaluation in Chapter 5, it is theoretically possible to avoid the 
precipitation of CaCO3 and Mg(OH)2, as calcium phosphate precipitation thermodynamically 
has the highest driving force and calcium phosphate is less soluble than CaCO3 and Mg(OH)2. 
The experimental results show that while it is not possible to completely avoid the 
precipitation of CaCO3 and Mg(OH)2 it is possible to selectively precipitate more calcium 
phosphate. Pre-acidification was shown to be a possible way to reduce the formation of 
CaCO3 as the inorganic carbon concentration was reduced (Chapter 4). Yet, in practice, it 
seems not economically feasible to acidify the wastewater. Promisingly, we have shown in 
Chapter 5 that by operating the electrochemical phosphorus recovery system at a low current 
density, relatively more precipitation of amorphous calcium phosphate occurs than CaCO3 
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and Mg(OH)2. Furthermore, we have shown in Chapter 7 that electrochemical P removal at 
a current density as low as 0.04 A/m2 is possible and can be enhanced by employing a 
graphite felt at the cathode. Given the low energy consumption, the performance, the 
adaptability and the optimization of electrochemical phosphorus recovery at a low current 
(density) with a large surface area cathode deserve further research. We propose future 
research on shortening the required retention time in the low current density system through 
improved cell and cathode configuration. For instance, novel materials, i.e., porous graphene, 
could be applied as an alternative for the graphite felt.  
10.5 Target application 
The unique advantage of the electrochemical approach is that calcium phosphate 
precipitation could be achieved even in acidic pH environments without having to add a base 
to increase the entire pH of the bulk solution. Therefore, a potential candidate for this system 
is acidic wastewater that has a high phosphorus concentration (> 10 mg/L P). 
Is there a type of wastewater that fits all these characteristics? I.e. wastewater at low pH and 
high phosphorus concentration? 
The Netherlands is one of the most prominent cheese producing countries in the world. Along 
with the production of cheese, wastewater is generated, which has an acidic pH and a high 
phosphate concentration. Furthermore, it is characterized by high COD, high salinity, and 
high calcium concentration. The high salinity is crucial for lowering the ohmic resistance of 
the electrochemical cell and in turn the energy consumption. Altogether, cheese wastewater 
seems to be suitable for electrochemical treatment. Yet, the low pH might hinder calcium 
phosphate precipitation. 
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Figure 10.2 Change of phosphorus and calcium concentration in cheese wastewater under 
electrochemical treatment. Conditions: 100 mA, 36 cm2 titanium plate cathode, platinum 
coated titanium disk anode, electrode distance 3 cm, initial pH 4.0. 
Surprisingly, the electrochemical system works well, even for the acidic cheese wastewater 
(pH 4.0). As shown in Figure 10.2, the P and Ca concentration of the cheese wastewater 
decreased significantly when a current was applied. The P concentration decreased from 925 
mg/L to around 60 mg/L, which corresponds to a removal efficiency larger than 90%. The 
specific energy consumption was low (29.6 kWh/kg P), due to the high conductivity and high 
phosphorus concentration of the cheese wastewater. Considering an electricity price of 0.09 
euro/kWh, the specific electric energy consumption is just 2.7 euro/kg P. This value is already 
close to the market price of phosphorus fertilizer mined from phosphate rock, which is 
between 1 and 2 euro/kg P. It is worth mentioning that phosphorus mining from phosphate 
rocks produces toxic phosphogypsum byproducts (5 tons associated with 1 ton process 
phosphate), which is not an environmentally friendly process and harms our environment [1].  
In addition to energy consumption, electrochemical phosphorus recovery from the cheese 
wastewater also produces high-quality calcium phosphate solids. Due to the acidic pH, the 
inorganic carbon concentration was low in the cheese wastewater. The Mg concentration 
(134 mg/L) of the cheese wastewater is about 20 times lower than the Ca concentration (2075 
mg/L). As a result, the co-precipitation of CaCO3 and Mg(OH)2, which was an issue to 
consider in the case of domestic wastewater, was not an issue in this case. Consequently, 
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electrochemical phosphorus recovery from cheese wastewater is promising, as it recovers a 
high purity product in an energy-efficient way.  
Few phosphorus removal/recovery methods can be justified by economy benefits at this 
moment when the price of commercial phosphorus fertilizer is very low [186, 187]. However, 
by this approach, it is possible to achieve this. Electrochemical phosphorus recovery from 
the cheese wastewater in the form of calcium phosphate was shown to be energy efficient. 
The recovered product already justifies the electricity consumption, in comparison to the 
price of commercial phosphorus fertilizer, yet the positive environmental effects of 
phosphorus removal from the cheese wastewater have not been included in our consideration. 
While we should not exclude the potential application of the electrochemical approach for 
other types of wastewater, the cheese wastewater is an ideal target. The cheese wastewater 
tests warrant further study of the anodic process, since chloride is being oxidized to chlorine 
and hypochlorite. A possible solution to overcome the formation of chlorine at the anode is 
to recycle the formed hydrogen gas formed at the cathode and use it at the anode. The anodic 
process would become then the oxidation of hydrogen gas to protons. This also will lower to 
a great extent the required cell voltage and lower the specific energy consumption of the 
formed calcium phosphate.   
10.6 The challenge: collection of precipitates 
In this thesis, we studied the fundamentals of electrochemical phosphorus removal and 
recovery. To our knowledge, this is the first systematic study focusing on electrochemical 
phosphorus removal and recovery. While the feasibility of this system toward a variety of 
wastewaters has been proven, there are still some challenges that need to be addressed.  
An important consideration is the collection of precipitates from the cathode. In the lab-scale 
tests, the precipitates on the cathode were physically scraped off. In a large-scale application, 
automatically collection equipment may be installed together with the electrochemical 
system. We also presented a new idea for cleaning and collecting precipitates on the cathode. 
The idea is to suddenly increase the applied current density to a very high value, in this way, 
a lot of hydrogen gas will be created at the cathode, which pressure would remove the 
precipitates from the electrode. The removed precipitates would fall into the collection tank 
located close to the electrochemical cell (Figure 10.3). A vertical orientation of electrodes 
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would be beneficial for collecting the precipitates. The precipitates can be collected at the 
bottom of the electrochemical cell. 
 
Figure 10.3. Vertical location of two electrodes. 
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Figure 10.4. Horizontal location of electrodes. 
Alternatively, the horizontal location of electrodes is another an option (Figure 10.4). In this 
configuration, the cathode is preferably located at the bottom of the anode, so once the 
precipitates fall off from the cathode, they will enter into the collection tank. Nonetheless, 
both the efficiency of the two configurations and their suitability for precipitate collection 
need to be evaluated before up scaling of the technology.  
10.7 Perspectives on future improvements 
10.7.1 Multi-layer structure cathode  
Luan et al. proposed a novel cathode configuration for electrochemical removal of hardness 
[188], which shares the same principle of electrochemically mediated calcium phosphate 
precipitation. In the study of Luan et al., the multi-layer cathode was a simple combination 
of a few pieces of stainless-steel which has different mesh numbers [188]. It was shown that 
these stainless-steel with different mesh numbers play different functions in the removal of 
hardness. The 50-mesh layer generated alkalinity and the 8-mesh layer provided pathway for 
the diffusion of ions. The 20- and 12-mesh layers works as the deposition layers where 
mineral precipitation mainly take place. The multi-configuration allows the production of 
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alkalinity and the precipitation of minerals happen in a different region of the coupled cathode. 
The same concept could be applied in electrochemical removal and recovery of phosphorus 
from real wastewater. Part of the cathode is used for producing alkalinity. This alkalinity then 
diffuses to the other part of the cathode and induce calcium phosphate precipitation there. In 
this design, the precipitation of calcium phosphate will not compete with the production of 
hydroxide ions, as they take place in a different region of the multi-layer cathode.  
Actually, in Chapter 8, we have proposed a similar concept, where we put a piece of graphite 
felt on the platinum-coated titanium mesh cathode. The graphite felt serves as the 
precipitation area whereas the Pt-Ti mesh disk serves as the real cathode, where hydroxide 
ions were produced. The mass balance calculation indicates 85% of the removed phosphate 
appears on the graphite felt. Therefore, the coupling of the real cathode with some extra 
materials which could provide a large surface area for calcium phosphate deposition may be 
an excellent way for achieving electrochemical phosphorus recovery and collection of 
recovered products. This needs to be studied in further detail. For example, we do not know 
yet if this extra surface material needs to be conductive or not. In any case, a cheaper material 
needs to be selected to make this process economically feasible. 
10.7.2 Minerals assisted electrochemically calcium phosphate precipitation  
Electrochemically mediated calcium phosphate precipitation on the cathode shows many 
advantages over a classical chemical precipitation approach, yet the efficiency of this system 
is limited by the precipitation area (restricted to the cathode). While the precipitation area 
can be enlarged from the cathode to the catholyte solution when ion exchange membranes 
are used, the drawbacks of using membranes are the increased complexity in cell 
configuration, material costs, and the associated maintenance issues of membranes [189]. 
Enlarging the precipitation area without using membranes would be a great step toward up 
scaling of the technology. In Chapter 9, we have shown that the function of membranes can 
be achieved by using CaCO3 particles. In the CaCO3 packed electrochemical precipitation 
column, the CaCO3 solids consumed the anode-produced acidity. As a result, a high pH 
environment was created inside the column in addition to the vicinity of the cathode. 
Moreover, CaCO3 solids could work as seed materials, assisting calcium phosphate 
precipitation. In this way, the precipitation of calcium phosphate was expanded from the 
cathode surface to the CaCO3 surface and even in the bulk solution. Due to the enlarged 
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precipitation area and the presence of seed materials, the kinetics of calcium phosphate 
formation and precipitation was enhanced. Long-term evaluation has shown that the new 
system achieved more than 50% removal efficiency during 125 days of operation with little 
maintenance. 
The CaCO3 packed electrochemical precipitation column is a new concept toward the 
continuous operation of electrochemical phosphorus recovery. While we have explained the 
basic concept of this system in Chapter 9, we believe future improvements of the CaCO3 (and 
other minerals) packed column would make this concept even more promising. In addition 
to CaCO3 solids, the suitability and performance of other minerals (i.e., biochar or 
construction waste) in assisting calcium phosphate precipitation is worth investigating. 
This thesis presents a new application of electrochemistry toward energy-efficient 
phosphorus recovery. The fundamentals, efficiency, challenges, and potential applications 
have been addressed. As we have shown in this thesis, the electrochemical technique offers 
a promising way for phosphorus removal and recovery from a variety of wastewater and 
shows many advantages over classical approaches, such as no need for dosing chemicals. It 
is advised to keep working on enhancing the removal performance, lowering the energy 
consumption, and further exploring the benefits in a pilot-scale evaluation of electrochemical 
phosphorus removal and recovery. 
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Summary  
In this thesis, we propose an innovative membrane-free electrochemical system, which can 
potentially achieve the removal and recovery of phosphorus from wastewaters in the form of 
recoverable calcium phosphate. Electrochemically induced calcium phosphate precipitation 
can be applied for a range of wastewater pHs, also for a more acidic pH. In real wastewaters 
(i.e., sewage), the dosing of an external calcium source is not necessary, as enough calcium 
ions are already present. Additionally, no dosing of chemicals is needed. This dissertation is 
a first systematic study on electrochemical phosphorus removal and recovery with main 
findings summarized below. The insights gained present a significant step toward the 
potential application of this new method. 
Electrochemically induced calcium phosphate precipitation depends on the local pH 
(Chapter 2) 
In Chapter 2, we investigated the removal of phosphate in a wide range of pH values in the 
electrochemical system, from acidic conditions (pH 4) to more neutral environment (pH 8) 
and basic solutions (pH 10). It was found that the system was not that sensitive to the bulk 
solution and works in a wide range of pHs. The precipitation of calcium phosphate was not 
expected at pH 4, as at this pH, the solutions are undersaturated. This pointed out the 
importance of local pH near the cathode in electrochemically induced calcium phosphate 
precipitation. This unique pH difference allows calcium phosphate precipitation in acidic 
solutions. We also found that both the morphology and the phase of calcium phosphate 
change during the electrolysis time. The solids on the cathode eventually re-crystallized from 
amorphous calcium phosphate to hydroxyapatite, which is the most stable phase of calcium 
phosphate.  
Natural organic matters did not block electrochemically induced calcium phosphate 
precipitation (Chapter 3) 
In Chapter 3, we studied the behavior of natural organic matter (NOM) and its effect on 
calcium phosphate (CaP) precipitation in the electrochemical P recovery system. In contrast 
to studies where NOM hindered CaP precipitation, our results showed that the interaction of 
NOM with CaP improved the removal of P, and the enhancement was independent of the 
types of NOM. The P removal increased from 43.8 ± 4.9% to 58.5 ± 1.2% in the presence of 
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1.0 mg/L NOM and based on the yellow color of the CaP product; NOM was co-precipitated. 
The bulk solution pH with and without buffers had different effects on the precipitation 
process. Without a buffer, CaP precipitated on the cathode surface in a wide pH range (pH 
4-10). However, the precipitation process was completely inhibited when the bulk solution 
was buffered at pH 4.0 and 6.0. This is due to the neutralization of hydroxide ions by the 
buffers, so a high local pH could not be established. Regardless of the presence or absence 
of NOM and solution pH, the recovered products were mainly amorphous CaP unless the 
electrolysis time was increased to seven days with 4.0 A/m2, at which crystalline CaP formed.  
Calcium carbonate (CaCO3) and brucite (Mg(OH)2) co-precipitates with calcium 
phosphate (Chapter 4) 
In Chapter 4, we clarified the electrochemical interaction of phosphate and coexisting 
calcium (Ca), magnesium (Mg) and inorganic carbon via pre-acidifying the wastewater and 
altering the applied current density. The removal of P was attributed to amorphous calcium 
phosphate (ACP) formation, whereas the removal of bicarbonate was mainly due to calcite 
(CaCO3) formation and acid-base neutralization. While both ACP and calcite formation 
resulted in Ca removal, Ca predominantly ended up in calcite. Mg was exclusively removed 
as brucite (Mg(OH)2). Regardless of acidification (from pH 7.5 to 3.8), 53±2% P and 32±1% 
Mg were removed in 24 h at 8.3 A/m2. By contrast, in response to the acidification, the 
removal of Ca dropped from 42% to 19%. The removal of Mg depended on the current 
density, with less than 5% removed at 1.4 A/m2 and 70% at 27.8 A/m2 in 24 h. Based on the 
precipitation mechanisms, the formation of calcite and brucite was reduced by acidification 
and operating at a relatively low current density, respectively. Accordingly, the lowest Ca/P 
molar ratio (1.8) and the highest relative abundance of ACP in the precipitates (75%) were 
achieved when the wastewater was acidified to pH 3.8 and treated with a current density of 
1.4 A/m2.  
Low current density, large area cathode and high phosphorus concentration enable 
selectively precipitate calcium phosphate (Chapter 5) 
In Chapter 5, we explored the precipitation sequence among calcium phosphate, calcite 
(CaCO3) and brucite (Mg(OH)2) in electrochemical phosphorus recovery from domestic 
wastewater. Theoretically, as calcium phosphate (i.e., hydroxyapatite) has the lowest 
thermodynamic solubility product and highest saturation index in the wastewater, it has the 
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potential to precipitate first. Experimentally, this was not observed in electrochemical 
phosphate recovery from raw wastewater. This is probably caused by the very high Ca/P 
molar ratio (7.5) and high bicarbonate concentration in the wastewater resulting in the 
formation of calcite. In case of a decreased Ca/P molar ratio (1.77) by spiking with extra 
phosphate, most of the removed Ca in the wastewater was used for calcium phosphate 
formation instead of calcite. The formation of brucite, however, was only affected when the 
current density was decreased, or the size of cathode was changed. Overall, the removal of 
Ca and Mg was much more affected by the current density than by the surface area of cathode, 
whereas for P removal, the reverse was true. Because of these dependencies, though there 
was no definite precipitation sequence among ACP, calcite and brucite, it is still possible to 
influence the precipitation degree of these species by relatively low current density and high 
surface area cathode or by targeting phosphorus-rich wastewaters.  
Bioelectrochemical system allows calcium phosphate precipitation at a relatively low 
energy consumption (Chapter 6) 
In Chapter 6, from the consideration of energy saving, we upgraded the previously 
developed abiotic electrochemical P recovery systems to a bioelectrochemical system. The 
anode was inoculated with electroactive bacterial (electricigens) which are capable of 
oxidizing soluble organic substrates and releasing electrons. These electrons were used for 
the reduction of H2O at the cathode, resulting in an increase of pH close to the cathode. Hence, 
phosphate was removed with coexisting calcium ions as calcium phosphate at the surface of 
the cathode at a much lower energy input. Depending on the available substrate (sodium 
acetate) concentration, an average current density from 1.1 ± 0.1 to 6.6 ± 0.4 A/m2 was 
achieved. This resulted in a P removal of 20.1 ± 1.5% to 73.9 ± 3.7%, a Ca removal of 10.5 
± 0.6% to 44.3 ± 1.7% and a Mg removal of 2.7 ± 1.9% to 16.3 ± 3.0%. The specific energy 
consumption and the purity of the solids were limited by the relative low P concentration 
(0.23 mM) in the domestic wastewater. The relative abundance of calcium phosphate in the 
recovered product increased from 23% to 66% and the energy consumption for recovery was 
decreased from 224 ± 7 kWh/kg P to just 56 ± 6 kWh/kg P when treating wastewater with 
higher P concentration (0.76 mM). Even lower energy demand of 21 ± 2 kWh/kg P was 
obtained with a platinized cathode.  
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A very low current density combined with graphite felt enables energy-efficient 
phosphorus recovery (Chapter 7) 
Chapter 7 investigated the possibility of electrochemical phosphorus removal at low current 
density using graphite felt as the cathode. We found a current density as low as 0.04 A/m2 
could enhance the removal of phosphate in our electrochemical system. The removal of 
phosphate at these low current densities resulted from electrochemical induced calcium 
phosphate precipitation and not from electrochemical adsorption. More importantly, the 
application of the low current density reduced the co-precipitation of calcium carbonate and 
magnesium hydroxide. The specific energy consumption of this newly electrochemical 
system was between 4.4 and 13.2 kWh/kg P. This was 2 orders of magnitude lower than our 
previous system (110−2238 kWh/kg P) and even comparable to the capacitive deionization 
process (1.5−7.0 kWh/kg P). Key factors for this improvement were shown to be the enlarged 
precipitation area and lowered hydroxide flux by graphite felt.  
Electrochemical treatment allows phosphorus recovery from non-orthophosphate 
compounds (Chapter 8) 
In Chapter 8, we expanded the application of electrochemical phosphorus recovery system 
from orthophosphate to non-orthophosphate using nitrilotris (methylene phosphonic acid) 
(NTMP) as a model compound. It was found that the C-N and C-P bonds of NTMP were 
broken at the anode, leading to the formation of orthophosphate and formic acid. Meanwhile, 
the converted orthophosphate reacted with coexisting calcium ions and precipitated on the 
cathode as recoverable calcium phosphate solid, due to an electrochemically induced high 
pH region near the cathode. Electrochemical removal of NTMP (at 30 mg/L) was more 
efficient when dosed to effluent of a wastewater treatment plant (89% in 24 h) than dosed to 
synthetic solutions of 1.0 mM Ca and 50 mM Na2SO4 (43% in 168 h) while applying a current 
density of 28 A/m2 and using a Pt anode and Ti cathode. The higher removal efficiency of 
NTMP in real wastewater was due to the presence of chloride ions, which resulted in anodic 
formation of reactive chlorine species. 
Use of CaCO3 granules reduce the neutralization of cathodically produced OH− with 
anodically produced H+ (Chapter 9) 
Chapter 9 presented a new concept of phosphate removal and recovery, namely a CaCO3 
packed electrochemical precipitation column, which achieved improved removal efficiency, 
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shortened hydraulic retention time and substantially enhanced stability, compared with the 
previous electrochemical system. The concept was based on the introduction of CaCO3 
particles, which facilitated calcium phosphate precipitation by buffering the formed H+ at the 
anode, releasing Ca2+, acting as seed materials, and establishing a high pH environment in 
the bulk solution in addition to the vicinity of the cathode. It was found that the applied 
current density, the CaCO3 particle size, and the feed rate affected the removal of phosphate. 
Under optimized conditions (particle size: <0.5 mm; feed rate: 0.4 L/d, current: 5 mA), in a 
continuous flow system, the CaCO3 packed electrochemical precipitation column achieved 
90 ± 5% removal of phosphate over 40 days and >50% removal over 125 days with little 
maintenance. 
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